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FINAL REPORT
DIRECT LABORATORY FUNDED PROGRAM

RELIABILITY CRITERIA
FOR ADVANCED STRUCTURAL MATERIALS/FAST CRAFT AND SHIPS

As has been the case with other weapons systems and
platforms where quantum advances in performance is a primary
goal, the future fleet of fast craft and ships must rely on
the most advanced structural materials available to attain
the desired operational requirements. Historically, devel-
opment programs for new submarine structures, new aircraft
involving radical departures from past configurational
concepts, and spacecraft and missiles have been beset from
their beginnings with materials-related problems, due to
the "learning-curve" exercises that accompany the intro-
duction of new materials. The Navy is only now entering this
problem area with respect to the surface ship fleet.

Because the future fast craft fleet must rely on new
materials and structural configurations to minimize struc-
tural weight, new design practices at sophistication levels
well in excess of traditional methods for surface ships must
be introduced, including a new set of safety and maintain-
ability factors. Potential problems of safety and reliabil-
ity for fast craft are expected to be caused by the growth
of small defects to sizes which cause catastrophic failure
or excessive maintenance burdens over the projected life of
the ships. Problems of crack growth and fracture become
more prevalent as materials of increasing yield strength
are used; this is due both to the increase in sensitivity
to accelerated crack growth rates due to environmental effects
and a decrease in tolerance for cracks as yield strength is
increased. Some problems of this type are beginning to
appear early in the hydrofoil strut and foil structures, in
"marinized" gas turbine power plants, and in other components
of small prototype fast craft and ships, and the problems
promise to become more severe as structures become larger
and as ship performance requirements and operating hours
are extended.

The developing methods to account for the presence of
defects and their effect on structure or component life can
be summarized as structural integrity (SI) technology. SI
technology includes both the materials and design aspects
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of predicting crack initiation and growth to critical size,
including effects of variable loads and environmental effects,
and has its maximum potential benefit to the Navy in giving
designers the tools for materials selection, establishing
design allowables, specification of quality control and
fabrication practices, and defining inspection and mainte-
nance intervals on the basis of scientifically rational
principles. Further development of the field of fracture
ec nics and the implementation of design procedures based

on fracture mechanics principles offers the only approach to
deal with crack growth and fracture problems in the fast
craft and ship fleet.

This DLF program concentrated on the materials aspects
of SI technology, and in particular, on materials that are
potential ca~ndidatos for the future fast craft and ship
fleet. The principal objective was to advance and consoli-
date the SI technology required to establish rational re-
liability criteria for design of fast craft and ships, for
selection and development of materials systems, and for
definitions of the maturity of developmental materials for
fleet usage on a large scale. Most of the emphasis was on
metallic materials that are currently In use in aircraft or
ships and on developmental materials which show promise for
future applications; an exploratory effort in composite
materials was also a part of the program.

The DLF program was organized into six major sections
along technology lines, each with specific objectives as
listed:

A. Fracture Mechanics Technology/Fast Fracture/Integrated
Analysis Procedures

Principal Investigator: Mr. R. W. Judy, Jr.

The objective of the work in this section was intended
to develop methods for characterizing fracture resistance
properties of structural materials in the thickness range
2.54-1.27 cm (0.1-0.5 in.). Materials of high-strength-to-
density ratio with elastic-plastic and plastic levels ol
fracture resistance are of primary importance for future
fast craft and ships. An additional objective was to develop
and validate methods for translation of materials character-
ization data concerning crack growth and fracture to analysis
procedures which can be used for application of SI technology
to current and future fast craft and ship structures.!2
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B. Fracture Mochauics Technology/Fatigue Criteria

Principal Investigator: Mr. T. W. Crookey

Th6 efforts in this section were directed toward devel-
opment of an engineering basis for assuring that materials
selected for advanced fast craft and ship applications will
possess adequate resistance to fatigue crack growth encoun-
tered in service. This task was performed utilizing the
fram-ework of existing fracture mechanics technology for
fatigue crack growth. The vesults of this work serve as
the basis for establishing definitive crack growth design
criteria which are necessary to assure the operational
safety and reliability of fast craft and ships.

C. Fracture Mechanics Technology/Crack Growth and
Electrochemical Protection

Principal Investigator: Dr. C. T. Fujii

The work of this section was to evaluate the effects
of the salt water environment on the performance of structural
metals for fast craft and ships, with the primary effort
devoted to stress-corrosion cracking and effects of electro-
chemical potential. Seawater is a very aggressive corrodent
for most structural alloys, and stress-corrosion-cracking
problems are expected to occur frequently in many fast craft
components. For this reason, the effect of seawater on the
behavior of high-strength metal systems must be clearly
defined to establish reliable limits of utility for their
successful use.

D. Composite Materials Technology

Principal Investigators: Dr. J. V. Gauchel and
Miss A. M. Sullivan

The purpose of this section was to study failure
mechanisms in composites to formulate failure and design
criteria specifically for these materials. Initially, an
effort was made to apply existing methods of linear-elastic
fracture mechanics to composites to provide a basis for
comparison of properties with existing metal systems. The

Al. major thrust of the program ras to identify critical condi-
tions that comprise structural failure in typical composite
structures and to define design criteria based on this
information.

N3I:



E. Bonding Technology

Principal Investigator: Dr. W. D. Bascom

The purpose of this section was to determine the relation-
ship between the chemical composition of high-strength
polymers and their mechanical and thermal properties with
emphasis on their fracture toughness. These polymers, which
include the epoxies, thermosetting polyesters and polyimides,
are used in military aircraft and ship structures as the
matrix for organic resin fiber composites and as structural
adhesives. Thay also find use as secondary structures
(e.g., housing, windows, etc.) and as components in mechan-
ical and electronic devices (e.g., bushings, seals, gears,
etc.).

F. Technology Transfer

This section of this report is devoted to summarizing
the significant interactions of NRL personnel with other
activities, wherein specialized knowledge of the subject
matter was used to impact developmental programs or to
disseminate the technology. This aspect of the DLF program
was one o± the more important contributions to the technol-
ogy base.

G. Bibliography

International Units:

Because of the Department of Defense requirement for
use of International Units in techical reports, values of
the various parameters measured or calculated in this report
are reported in these units throughout the text, with the
equivalent English units in parentheses, However, most of
the figures in the report were drawn using English units
prior to the effective date of the directive; furthermore,
many of the figures have several scales cross-referencing
the parameters which can or have been correlated. To avoid
an unnecessary proliferation of scales on the figures,
conversion tables are presented to allow the reader to easily
use either set of units. Table 1 presents the conversion
factors used to constuct Tables 2 through 4, which contain
the detailed conversions.
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TABLE 1. CO)NVERSION FACTORS FOR TERMS USED IN STRUCT~URAL l
INTEGRITY MECHANICS

Distance: 1 in. - 2.54 cm
1 cm - .3937 in.

Stress: 1 ksi - 6.8948 MPa
1 UPa - .1450 ksi

Linear Elastic Fracture Mechanics:

Stress Intensity K:

1 ks,/-ii. - 1.0989 MP~afm
1 MPa,,/i - .910 ksLifiin.

Ratio K /a

LuTE-. - 1.5937 P.L~ci
Ivc-- .6275 4un.

Initiation Energy .5':

in.lb. - 152KJ

in. m

1KJ - 5.7105 im.lb

2 2

Dynamic Tear Test Mechanics:

171 Energy:

1 ft.lb. - 1.3558 Nm
1 Nm - .7376 ft.lb.

Rp 1 t.lb. - 039MN.m

in,5/a

1- 2- 75.839 ft.lb.



TABLE 2. ENGLISH-METRIC CONVERSION OF STRESS AND LENGTH

Stress (a) Length

ksi Value MPa in. Value cm

0 0 0 0 0

1.45 10 68.9 .039 0.1 .254

2.90 20 138 .079 0.2 .508

4.35 30 207 .118 0.3 .762

5.80 40 276 .157 0.4 1.02

7.25 50 345 .197 0.5 1.27

8.70 60 414 .236 0.6 1.52

10.2 70 483 .276 0.7 1.78

11.6 80 552 .315 0.8 2.03

13.1 90 621 .354 0.9 2.29

14.5 100 689 .394 1.0 2.54

17.4 120 827 .787 2.0 5.08

20.3 140 965 1.181 3.0 7.62

23.2 160 1103 1.575 4.0 10.16

26.1 180 1241

29.0 200 1379

31.9 220 1517

34.8 240 1655

37.7 260 1793

40.6 280 1931

43,5 300 2068

58.0 400 -

72.5 500

87.0 600

101.5 700

116.0 800 -

130.5 900 -

145.0 1000

6
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A. Fracture Mechanics Technology/

Fracture and Integrated A~nalysis Procedures

l. W. Judy, Jr., C. A. Griffis, and R. J. Goode

The application of structural integrity (SI) principles
to assure the safe operation of fast craft. and ships requires
as a baseline a knowledge of the capability of tihe structure
to resist failure by extensive fracture due to suddenly
imposed loading. This capability is derived from the inher.-
ent resistance of the structural material to crack propaga-
tion under dynamic loading. The present state of fracture
technology is that the structural behavior of metals of
brittla, or plane strain, properties can be predicted with

ahigh degree oZ accuracy. Applications involving the use
of materials with appreciable ductility (tough materials)
can only be accomplished by engineering methods rather than
by analytical methods deriv,;d from first principles. Struc-
tural design procedures to prevent or control fracture
extension (Al) in ductile materials are based on correlation
of the appropriate materials properties with the results of
structural element teets * The key to successful application
of these methods to any problem is an accurate and reliable
test method to characterize the fracture resistance inherent
to the structural metal. Dynamic Tear (DT) test methods
were evolved for this purpose and have been used in studies
of aluminum, titanium, and steel in the section-size range
of 0.76 to 15.2 ca (0.3 to 6.0 in.). This section presents
the results of studies to develop DTr test methods for
characte3rizing the fracture resistance properties of thin-
section materials in the thickness range of 0.32 to 1.27 cm
(0.125 to 0.50 in.).

BACKGROUJND

The PT test specimen, Fig. Al, is an edge-notched bar
which Is loaded dynamically in three-point bending by
machines of pendulum or falling weight type. Test specimens
are dimensioned according to material thickness; standard

configurations for various thicknesses have been established
(A2,AS). Energy to fracture the specimen at specified

Various analysis procedures based on PT test methods have
been evolved -over the past several years These Include
-curve characterizations (4-A6) and Ratio Analysis Diagram

d W d Tla l
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(RAD's) for steels, aluminum alloys, and titanium alloys
(A7-A9). It must be emphasized that the DT test is intended
for engineering use in providing material characterizations
rather than as a tool for precise scientific investigations.
For this reason, every effort to simplify test procedures
and to minimize test costs has been made.

In past studies (All-A13), a relation between DT energy
values and specimen cross-section dimerlor has been
established. The equation E - Rp (Aa) B' , where the terms
are defined in Fig. Al, has been shown to apply for steels
and aluminum alloys in sections above 0.76 cm (0.3-in.).
The constant R , which is the index of material resistance
to fracture, i1 a geometry-independent parameter. It is
important to note that the equation applies only for the
plastic and elastic-plastic fracture states. The plane-
strain case is best handled by linear-elastic fracture
mechanics. Use of the Rp parameter to measure fracture
resistance allows independent analysis of mechanical
constraint effects and of metallurgical effects. The light-
weight, highly efficient structures expected to be used in
future fast craft and ships will demand high levels of
fracture resistance in thin-section structural materials.
For this reason, the major effort in the fracture studies
was the development of a reliable method to characterize
the fracture resistance properties of such materials and
to establish methods to translate these characterizations
to a format useful for assessment of structural performance.

Laminated DT Specimen

A test method for characterizing thin-section materials
was developed from the DT test to provide continuity between
the technology developed for thicker materials. The approach
to the problem was to establish that the ductile fracture
equation did apply for thin-section materials of interest,
using selected aluminum alloys, titanium alloys, and steels
as reference materials.

The standard 1.59 cm (5/8-in,) DT specimen plan dimen-
s.ono, Fig. /2, were utilized so that existing equipment
could be used for the experimental part of the study.
Laaination tochniques, as shown in Fig. A2, were necessary
to prevent specisen buckling and to provide sufficient
energy to get a good measurement. Using aluminum alloy
5086-H32 in 0.32 cm (0.125-in.) thickness, it was shown
that the energy-per-las-zl±a was constant, Fig. A3, and
therefore that an averaging method could be used. The next
step was to establish the applicability of the ductile

A-2
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ti the thickness B and fracture length dimension Aa, for test
specimens machined from 1.27 cm (0.5-in.) thick materials.
Th2it -as ancomplished for aluminum alloys, titanium alloys,
and s oels that encompassed the range of strength and frac-
ture resistance typical of commercially available materials.

The initial experiments were conducted for aluminum
alloys 5086-H32, 6061-T651, 2024-7351, and 7075-T6 using
test specimen thicknesses of 0.32, 0.64, and 1.27 cm (0.125,
0.25, and 0.5-in.) (full thickness). Regression analysis of
the data to determine the best values of the exponents
in the equation E - Rp~axBy showed that the exponents
were approximately the same as had been determined for
thicker materials, i.e., x - 2 and y - 0.5. The following
procedure was used to demonstrate the applicability of the
equation for these materials:

(a) Calculate the best value of R for each specimen
and average the results to give a charhcteristic Rp for
each material.

(b) Using the characteristic value of R. for each
material and the dimensions of each test spebimen, calculate
a predicted fracture energy for each specimen.

(c) Compare the predicted energy of step (b) with the
energy measured in test.

Figure A4 Is a plot of predicted energy vs. measured energy
for the aluminum alloys; the close fit of the data to the
1:1 line is evidence of the applicability of the method.

The process for demonstrating the applicability of the
ductile fracture equation was repeated for titanium alloys
TI-6A1-2Cb-lTa-lMo, Ti-6A1-4V, and Ti-6SA-6V-2Sn in 1.27 ca
(0.5-in.) sections. For all of these materials, the conform-
ance of the data to the equation was good, as indicated in

Fig. A5. A similar experimental program to verify the
applicability of the ductile fracture equation for thin-section
steels was also conducted with two samples of HY-130 and
one sample of BY-80 as the materials of interest. Figure A6
shows the good correlation of predicted energy and measured
energy for these steels.

Ratio Analysis DiNag

The primary purpose of establishing the validity of the
ductile fracture equation for thin-seoction materials was to
allow use of existing analysis techniques for interpreting
basic material characterization data to structural perform-
ance. For thicker-section materials, the RAD is a formatj U ~A-3



which has been verified for this purpose and which contains
all of the parameters neci•ssary for analysis Involving thin-
section materials.

The HAD framework is formed from the scales of yield
strength vs. Kkc and UT energy, Fig. A7. The most prominent
features of the HAD are the limit lines and the system of
lines of constant Klc/ Bv. The technological-limit line
represents the highest Zalues of fracture resistance measured
to date either by DT tests over the entire yield-strength
range or by KIc tests in the elastic fracture range; the
lower bound represents the lowest levels of fracture resist-
ance. Reference charts of critical flaw size (A1O) are
provided by the system of KIc/cys lines.

Kic/clys ratio lines also divide the diagram into regions
of expected plastic, plane-strain, and elastic-plastic behav-
ior for given material thicknesses. The separations are
determined according to thickness, as shown for the 1.27 cm
(0.5-in.) section size in Fig. A7. The critical edge
between plane-strain behavior and elastic-plastic behavior
is the plane-strain limit, which is aetermined for a given
metal thickness by B - 2.5 (K1 /oa) . The boundary
between the elastic-plastic aM plastic regimes is the
general-yield limit, which is given in terms of metal thick-
ness by B - 1.0 (Kic/a)' The division of the BAD
into three regions pro des an engineering index of the
fracture state and thereby serves to indicate the type of
more detailed design approach required for each case.

The ductile-fracture equation permits entry of material
properties for any metal thickness onto the BAD to determine
the fracture state. This is done by adding a scale of R.
as calculated from the standard 1-in. DT energy scale. Since
Rp is independent of geometry effects, section size is the
only factor used to locate the elastic-plastic region on the
RAD. For example, the RAD's of Figs. AS, A9, and A10 are
drawn for 1.27 cm, 0.64 cm, and 0.32 ca (0.5-in., 0.25-in.,
and 0.125-in.) section sizes, respectively, with all the
data plotted on the diagram using the Rp scale.

To illustrate the value of separating metallurgical
variables and mechanical-test variables, consider the data
point for the 7075-T6 alloy on Figs. AS, A9, and A10. Since
:,represents the physical properties of the metal, this

intas are all data points, is constant for all three
RAD's. However, effects of section size are such that a
different fracture state exists for the same material at
each of the test thicknesses:

A-4
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At B 1.27 cm (0.5-in.) (Fig. A8), the material has
plane-strain properties, a level of fracture resist-
ance that permits unstable crack extension at low
elastic stress levels with minimal deformation at the
crack tip.

At B - 0.64 cm (0,25-in.) (Fig. A9), the material has
elastic-plastic properties, which is a level of
fracture resistance that allows unstable crack
propagation at high elastic stress levels with an
appreciable amount of crack-tip plasticity.

At B - 032 cm (0.125-in.) (Fig. A1O), the material
has plastic properties, for which crack extension
requires stresses over the yield strength and a
higher energy expenditure to "drive" the crack.

Because the effect of section size is so important in deter-
mining the fracture state, a parameter for charactdin4zing
the fracture resistance properties of ductile materials
independently of geometrical effects is essential to evolve
a format for interpreting laboratory test results to struc-
tural design. Independent analyses of metallurgical aspects
and mechanical aspects on the fracture properties of materials! are made possible by the use of the Rp parameter associated
with RAD analysis procedures.

Studies of thin-section materials, coupled with the
background of experience with thicker materials, showed that
a wide range of specimen configurations can be used for
characterizing the fracture resistance properties of high-
strength metals. Because the influence of geometry is well
known, a single specimen configuration is sufficient to
determine Rp. It is advantageous to use laminated specimenmethods for characterization of thin-section metals because
the total energy value is higher and is therefore less
subject to experimental errors than are those values from
tests of a single thickness and because the laminated
configuration zinimizes statistical variations in properties
by averaging. For these reasons, the specimen design shown
in Fig. All is recomended for DT tests of thin-section

i materials.

The program to verify the applicability of the ductile
fracture equation and the RAD for characterization of mate-
rial properties and analyses Involving these characterizations
was completed by a series of experiments involving large
panels of aluminum to verify that the R. values for thin
section could be interpreted by the RADformat to correctly
predict the behavior of the metal in structures. The text

A-5
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specimens were tension loaded panels 50.8 cm (20-in.) wide
at thicknesses of 0.32 cm (0.125-in.) and 1.27 cm (0.500-in.)
for each of the aluminum alloys in Table Al. Test results
were largely qualitative in nature and involved measurements
of failure stress relative to the yield, as well as visual
observations of the fracture state. In all cases the test
results confirmed projections of the behavior of the spec-
imens that were made from the RAD. The experiments thus
did verify that the technology developed for thick-section
material could be applied for thinner gages.

To complete the investigation, determinations were made
of the fracture resistance properties of a variety of alu-
minum and titanium alloys and HY-80 and BY-130 steela, as in
as-rolled sections ranging between 0.25 cm (0.100-in.) a=d
1.27 cm (0.500-in.). Also included are results of studies
of laser welds in the sawe materials. The alloys and
mechanical properties are listed in Table A2, and the data
are plotted on the RAD format in Figs. A12-A18. All of the
RAD's are scaled for analysis of 1.27 cm (0.5-in.) thick
material; procedures for adjustment of the ratio lines for
other thicknesses are those described earlier.

Thin-Section Aluminum Alloys

Figure A12 shows data for four aluminum alloys, each in
thicknesses of 0.32, 0.64, and 1.27 cm (0.125, 0.25, and
0.5-in.), as indicated by the numbers beside each data point.
The materials shown are all commercial alloys and represent
materials used in military applications. For example, the
7075-T6 and 2024-T351 alloys have been used extensively for
aircraft applications, while the 500 series alloys shown
have been used in hull structures of high-performance ships.
The 7075-T6 alloy has very high-strength and fracture
properties in the plane-strain region for the 1.27 cm
(0.5-in.) thickness of the RAD of Fig. A12; this property
is one reason that the 7000 series alloys are not utilized
in marine applications. Conversely, the 5086-W-16 and H32
alloys are currently used as hull structural materials for
hydrofoil and surface effect ships type craft because of
their weldability and because of the high degree of toughness
indicated by their position high in the plastic fracture
regime of the RAD. In this alloy system and in the 5456
alloy (not shown), the 5116 temper or the H117 temper, which
has equivalent properties, is preferred to the 532 temper to
alleviate delamination in seawater which is inherent to the
H32 temper.

Aluminum alloy 6061-T,61 has a high degree of fracture

resistance for Its strength level; however, it is not

A-6

2 *1'



considered appropriate for marine applications because it is
a heat-treated alloy and therefore weld properties approach-
ing that of parent material cannot be attained. The 2024-
T351 alloy has a strength level intermediate between 7000
and 5000 series alloys; and in addition, is resistant to
stress-corrosion cracking, which has led to its use in
commercial aircraft. In the alloy systems shown in Fig. A12,
a considerable body of fracture data is available for thicker
sections; the data for thin sections correspond very closely
with this data bank. This is additional evidence that the
thin-section DT test can be utilized to characterize the
fracture properties of thin-gage aluminum alloys and that
the RAD can be used to provide an index of expected struc-
tural performance for thin-section materials.

Thin-Section Titanium Alloys

Titanium alloys in thin-section have much to recommend
their use in fast craft because of their high-strength-to-
density properties and because of the backlog of information
being accumulated by aircraft producers, who are using
increasing quantities of various alloys on military aircraft.
The Navy has had an extensive program for several years to
develop a weldable titanium alloy system for applications
requiring heavy-section material (thicknesses in excess of
2.54 cm (1-in.). This study concentrated on lighter gage
materials, again with emphasis being placed on development
of engineering test and analysis methods to facilitate the
use of titanium alloys on a significant scale in fast craft.

Titanium alloy, Ti-6A1-2Cb-ITa-lMo (6211), is the alloy
system of current interest for heavy-section applications
and has been developed to the point where the alloy is avail-
able ccmmercially in a variety of product forms. To define
the properties of the commercial thin-section material, the6211 alloy in sections ranging from 0.25 cm to 1.27 cm

(0,100-in. to 0.5-in.) was characterized by the laminated
DT opecimen methods previously deacribed. For titanium
allo)m, a reference temperature of OC (320 F) was used as a
standard for the DT tests. This is because titanium alloys
have a very gradual transition in fracture resistance with
change in temperature, as opposed to many steels which have
a sharp temperature transition and aluminum alloys which
have little or no temperature transition. Data f or the thin-
section 6211 alloy are plotted on the titanium RAD in Fig. A13,
which also shows the zone including data for plate materials
and weld metal in thicknesses of 2.54-7.62 cm (1-3 in.).
Plotting values of yield strength and R, for the 6211 alloy
in the gages indicated by the small numbers in Fig. A13 show
that the strength is incresed and the fracture resistanoe
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decreased in comparison to heavier-section materials. All
of the thin-section 6211 sheets had fracture resistance
levels in the plastic fracture range for the 1.27 cm (0.5-in.)
section. It is noted that the margin of fracture resistance
for a given thickness of matarial is in proportion to the
distance from the plane-strain limit line for that thickness.
Since the plane-strain limit ratio decreases with decreasing
thickness, the margin of fracture resistance for the thin-
gage materials is about the same as for the thicker gages.

Fracture resistance data for two other alloy systems -

Ti-6A1-4V (6-4) and Ti-6A1-6V-2.5Sn (6.6-2.5) - are shown
in Fig. A14. The thickness range for these materials was
0.23 to 1.27 cm (.090 to .500-in.). The 6.4 alloy selection
included materials of commercial quality (oxygen content
--0.15 wt. pct.) and ELI grade (oxygen content -0.12 pct.),
while the 6-6-2.5 alloy was commercial purity. The fracture
resistance of both alloy systems corresponded to the RAD
regions occupied by fracture data for thicker materials of
the same composition.

Thin-Section Steels

The RAD for thin-section steels, Fig. A15, shows the
data for the three samples of material used to verify the
use of the laminated DT test specimen for characterizing
the fracture resistance property of steels. The two samples
of HY-130 appear to represent extremes of the quality range
expected for HY-130. The HY-80 sample appears to be quite
low in fracture resistance in comparison to the range of
values previously established for this material. However,
the test data were consistent in that values of R, measured
with different test specimen configurations for ekch sample
of material were reasonably uniform. Because of the exten-
sive backlog of test data on steels, this investigation was
confined to these three mat6rials.

Laser Welds of High-Strength Materials

A program was conducted to define the SI technology-
related properties of laser welds in HY grade steels, 17-4 PH
steel, and in Ti-6211 alloy. The welds were made by the
United Aircraft Corporation and were all square butt fusion
welds. As the technology of laser welding is largely exper-
imental in nature, the test samples were a "best effort"
basis and in reality represent the first attempt at making
welds in these materials for a critical evaluation. The
test materials, thicknesses, welding parameters, and comments
concerning the weld quality resulting from visual and X-ray
inspection are presented in Appendix A; fracture data a"epresented in Table A3.
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Fracture resistance data for HY type steels in terms
of the parameter and material yield strength are shown
on the RID in Fig. A16. Zonal regions for fracture resist-
ance of thicker-section materials of each steel type are
shown for purposes of comparison; the code at the right
side of Fig. A16 shows the alloy type and thickness involved
for each test material. Duplicate points indicate different
welding parameters. The Rp parameter was m-asured with a
laminated specimen for the 0.64 cm (0.25-in.) thick materials
and with a full-thickness specimen for the others. The
fracture resistance data were somewhat lower than expected
for all of the materials and might approximate the levels
typical of the shielded-metal-arc process. Higher levels
of fracture resistance would be expected for the GRA or GTA
welding processes in the same alloy systems. It is strongly
emphasized, however, that laser welding technology is still
in its infancy; and that development of the technology would
most likely renult in properties that would be much improved
over the data presented here. It can be noted tnat plastic
levels oZ fracture resistance for materials in thicknesses
exceeding 2.54 cm (1-1n.) were attained for all of the HY
grade steels.

Laser welds in 17-4 PH stainless steel were of very
goo. quality compared to the base material properties, as
shown on the RAD in Fig. A17. Laser welds of two types
were investigatea: (a) the as-welded properties of 2.54 cm
(1-in.) thick section and (b) properties of 1.59 cm
(0.625-in.) material in the H1050 temper condition. (The
H1050 temper corresponds approximately to the heat treatment
given struts and foils on the PHM hydrofoil, for which
17-4 PH steel is a candidate material.) A slight loss of
fracture resistance resulted from the welding, as would be
expected. However, the weldments were of sufficiently high
quality to meet the minimum OT energy levels specified for
strut/foil materials on the PHM program. (This is discussed
in more detail in the section on technology transfer.)

The fracture resistance levels of laser welds in 0.64 cm
(0.25-in.) thick Ti-6211 compared very favorably with the
properties of parent material, as is shown In Fig. A18.
The properties of two laser welds corresponded almost
exactly with properties of the parent material, both of
which approached tho technological limit established for
plate materials of thicker section.

a Laser welds attempted in 1.27 em (0.w-in.) thick
aluminum alldys were unsuccessful. The welding parameters
used produced a highly i~regular weld bead, which was not
suitable for evaluation by mechanical test methods. This
problem does not indicate that laser welds cannot be made
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in aluminum alloys, but it does serve as an indication that
a development effort is required to produce laser welds in
aluminum of acceptable quality for use in Navy applications.

HY-180 Steels

Future aircraft and fast craft and ships are developing
material requirements along concurrent lines to meet the
common problem of attaining maximum structural integrity
with minimum structure weight. The best example of this is
the proposed use of the lONi steel developed by the Navy
as a potential submarine structural material (HY-180) for
the wing carry-through structure of the B-1 bomber. The
choice of the material for the Air Force program was pred-
icated on its high inherent fracture resistance property,
which was a prime parameter in development of the alloy
system. In the B-1 program, a full-scale HY-180 wing carry-
through structure was built and tested to demonstrate its
tolerance for the growth of flaws under extreme loading
conditions.

The qualities of the lONi steel which make it attractive
for structural components that are critical to the survival
of the aircraft are the same qualities that are important
for critical components in large fast craft. Because of
the potential need for such materials in the development of
future fast craft, a survey of the properties of this alloy
that pertain to the particular problems facing such craft
was included in the DLF project.

Four samples of lONi steel were made available to NRL
by the Convair Aerospace Division of General Dynamics. The
samples included a forging 16.3 cm (6.4-in.) thick, a plate
8.9 cm (3.5-in.) thick, a plate 4.83 cm (1.9-in.) thick,
and a 24.9 cm (9.8-in.) long weldment in 3.8 cm (1.5-in.)
thick plate. All of the plate materials were processed by
double vacuum (VIM-VAR) procedures, which are known to
impart the highest attainable fracture resistance properties
to this alloy system, as well as to others.

The DT energy values for HY-180 steels are plotted on
the steel RAD in Fig. A19, which compares the materials of
this study with other steel systems of interest to the Navy.
One of the products of past Navy research is the delineation
of the chain of materials of highest quality (optimum
strength/toughness) that is associated with double vacuum
processing. The chain of material property data zones
indicates that alloying elements control strength and that
cleanliness (processing) controls fracture properties. The
zone coded "10-8-12" is Navy data for 2.54 cm (1-in.) thick
plate of the nominal HY-180 composition.
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Data for the B-1 bomber program are represented by the
cross-hatched zone shown on the RAD in Fig. A19. This zone
lies in the region of elastic-plastic and plastic properties
for the 2.54 cm (1-in.) thickness of the analysis, which
implies that brittle fracture is not expected for any of the
materials in 2.54 cm (1-in.) thickness. At a greater thick-
ness fracture might become a problem area, even though the
KIc/a 8 value is high. For thinner sections, the potential
for fyacture diminishes, since larger flaws and stresses in
excess of the material yield strength are required for
fracture.

For applications involving a need for high-strength,
tough materials on weight critical structures, the HY-180
steel offers attractive properties; however, much would
hinge on the properties related to environmental crack growth.

Verification of FM for SCC

The value of using fracture mechanics (FM) test methods
to define the resistance of structural metals to stress-
corrosion cracking (SCC) and to fracture stems from the
capability to translate K numbers that describe material
properties to physical parameters - stress and crack size -

that sre readily understood by designers. The translation
capabllity is 'n the form of equations of the type K/a
S - a G/Oys 1, where a - crack size, a/Oys - stress levil
relative to yield, and a - geometry deplandent constant.
One of these is the surface flaw equation which describ~s a
part-through ciack in a tensile stress field, E(Ki/y
- 1.21 (/cays) •a/Q], where Q is a constant related to
flaw shape and a/acs; this equation is widely used because
natural flaws usually occur in thiF, configuration. The
applicability of the equation has been proven for brittle
fracture by laboratory experiments and by analysis of service
failures. Because of its genernl applicability, the surface-
flaw equation has been utilized to construct analytical
diagrams, such as the plot of crack depth vs. ratio, Fig. A20,
and has been used to define the significance ot KIc/ays
ratio lines on the HAD.

It is considered a reasonable extrapolation of fracture
mechanics technology to nee the surface-flaw equation for
the case of SCC by substituting the parameter XICc, in the
equation; the recently diveloped three-part R&D Wr analysis
of sCC is based on tht.s assumption. In this application,
the Klsce parameter ts used to predict the flaw size/stress
level necessary for the onset of crack growth due to SCC.
The objective of thiz, investigation was to experimentally
determine whether volues of KIscc measured by cantilever-bend
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tests (see section on FM Technology/Crack Growth and Electro-
chemical Protection) could be used to predict the stress
level/flaw size combination necessary to cause crack growth
from a surface crack.

The materials selected were 17-4 PH steel in the H1050
temper and'SAE 4340 steel because the SCC properties of both
were well known. Large panels having known surface crack
geometries were tested according to a schedule designed to
demonstrate the accuracy of the surface-flaw equation. The
first step was to apply a stress-intensity level just below
that calculated to be necessary for crack growth in a salt-
water environment (i.e., just below Kiscc) for a reasonable
time period to establish that no crack-growth would occur.
Following this, the stress intensity was raised a small
amount to a value just above that necessary to cause crack
growth. All calculations for the tensile panels were made
with the surface-flaw equation using characteristicKIsc
values determined in previous studies by cantilever-bend
type specimens. To obtain variations in the KIscc ratio,
the conditions of cathodic coupling were varied in the
17-4 PH steel; the same effect was attained in the 4340
steel by heat treating the specimens to different yield
strengths.

Two test specimen configurations were used, as shown
in Fig. A21. Part-through flaws were machined in each
specimen by EDM procedures followed by fatiguing in bending
to maximize crack-tip acuity. In tests of 17-4 PH, where
specimens were cathodically coupled to aluminum, zinc, or
magnesium, the electrode size was chosen so that wetted
areas of specimen and of electrode were approximately equal.
The stresses on the specimens were measured by strain gvges,
while crack growth was monitored by a strain-gaged beam
clip gage and by strain gages at the tip of the original
crack. Calculations for test purposes were made with the
best estimates of crack depth. Final calculations were made
with the crack dimensions (machined notch plus fatigue crack)
measured at the completion of the test for each specimen.

Results of the test program are shown in Table A4 and
in Figs. A22-27. Figure A22 is a plot of KIscc or K., (the
Ksc term represents a test where the specimen ailure was
due to a mechanism other than slow crack growth) vs. yield
strength to show the variables introduced into the program.
The titanium data are from earlier investigations and are
"included to indicate the completeness of the survey.

The experimental work for 17-4 PH steel is summarized
on the crack-depth ratio plot in Fig. A23. This plot is a
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convenient format to show the relation between the three
parameters of interest - ratio Ki/a, which is the material
property of interest, flaw size, which is shown as a/Q (flaw
size normalized by shape parameter) on the left-hand scale
end as absolute flaw size on the right-hand scales, and
applied stress, /a V. As shown in the code, the end points
of the cross-hatcgedygars indicate the imposed test condi-
tions, the no-fracture point is on the left and the point
where the specimen failed is on the right. The arrow
representing the characteristic Kisc-/Ca ratio chould fall
between the end points for a success ulytest to verify the
applicability of the equation. All of the test specimens
except three met this condition; in two cases the specimen
failed because the initial applied K level exceeded the
Kiscc/a ratio due to inaccurate estimates of the crack
depth. The third specimen (a/Q of 0.3) maintained a K/axv
above the Klscc/a E at the initial load but failed at th-
first load increU~nt . Since the differences in applied
stress and K/".s were small, and oince another specimen of
nearly the same KIscc/avs and a/Q failed as predicted, this
result is not considered-anomalous.

Results for 4340 steel and for titanium are presented
in Figs. A24 and A25, respectively. The 4340 steel was
included to get a combination of high-strength and low
K-scc values. Both tests were at low relative stress levels,
one specimen having a small flaw and the other having a
large flaw. Both of the tests were considered to verify the
applicability of the surface flaw equation. The titanium
results of Fig. A25 were not a part of the DIX investigation 4
but are included to indicate the completeness of the var-
ification effort. The two poiuts at KIscc/Jvo - 0 3 are
for alloy Ti-7AI-2Cb-ITa, which is very sensitive to SCC;
both of these gave very good confirmation of the equation.
The point at Ks /a ratio 1.59 /- (1.0 /ri•.) is for alloy
Ti-6AI-2Cb-ITa-lMo~n 50.8 cm (2-in.) thick section; this
al.oy appeared to be immune to SCC from both cantilever and
surface-flawed panel tests. However, the surface flaw
equation gave very good correlation with cantilever-bend
predictions, even though the thickness of the specimens in
both tests was not large enough to satisfy plane-strain
requirements.

To show the agreement of test results from cantflever-
bend tests and surface-cracked tensile panel tests, the
data are plotted as one vs. the other in Fig. A26. As with
the preceding plots, the length of the bar connecting "no-
growth" and "'growth" points indicated the applied KI/Sys
ratio in the surface-flawed specimen tests. The intersection
of the 1:1 correspondence line with the bar is the Klscc/ays
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value for the particular material; the "growth" point should
therefore fall on the line or to the right of it to verify
the surface flaw equation, as was the case for all tests.

A summary of the test data is shown in Fig. A27 to
illustrate the areas of the crack-depth-ratio chart that
have been verified for engineering use in predicting initia-
tion of SCC crack growth. The verification is reasonably
complete for the entire diagram; the most obvious data voids
are at the combination of large crack sizes and K1 /c/ayR
values in the range of 0.64-1.27 Icm (0.4-0.8 /.1 and at
stress levels in the range of 1.27-1.59 /- (0.8-1.0 tTn.)
for all crack sizes and Kiscc/rys values. Some of these
combinations are expected to be covered in future work.

SUMMhRY

The primary objective of this effort was to develop
test methods and engineering analysis procedures to describe
the fracture resistance levels that are of interest for

(K- construction of the future fleet of fast craft and ships.
Such craft are expected to be highly sensitive to the weight
of basic components and therefore will utilize high-strength
materials, which will cause an increased sensitivity to
fracture. In developing an understanding of the fracture
process in thin-section materials, an attempt was made to
characterize a group of metals representing the range of
current commercial alloys as well as some exotic materials
"for specialized applications.

These objectives were met by the development of test
methods based on the Dynamic Tear test, using a technique
of laminating specimens and application of an equation
relating specimer dimensions and total energy to a parameter -
Rp - which is dsjc'iptive of the inherent resistance of a
material to frackle extension. Much of the experimental
program was devoted to demonstrating the validity of the
equation, which had been derived in earlier studies of thick-
section materials, to the thinner, high-strength materials.
An additional experimental effort was given to demonstrating
that the P values could be projected to assess structural
performaznc in a general fashion through the use of Ratio
Analysis Diagram procedures. It was noted that the minimum
acceptable level of fracture resistance for Navy ship struc-
tures and components is non-brittle, or plastic fracture.
Finally, the test methods and analysis procedures were used
to characterize the behavior of several steels, aluminum
alloys, and titanium alloys of potential interest for future
fast craft and ships. Included in this survey were samples
of laser welds in several of the project materials, with
the caveat that the laser welding technology has not matured
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TABLE A2. PROPERTIES W THIN-SECTION METALLIC MATERIALS FO FAST
CRAFT AND SHIP APPLICATIONS

Alloy Thickness Strength RP

(cm) (in.) (MPs) (k) W-7. U.-l

Aluminum

7075-T6 1.26 .498 527 76.4 NA NA
.65 .255 512 74.2 .13 9.5
.33 .130 518 75.6 .13 9.6

2024-T351 1.26 .496 328 47.6 .71 54

.65 .257 315 45.7 .57 43

.33 .130 386 56.0 .42 32
6061-T651 1.27 .500 294 42.6 1.02 77

.65 .257 288 41.7 .66 50

.34 .- •j2 254 36.8 .49 37
S5086--H32 1.24 .490 210 30.5 1.48 112

.68 .266 225 32.6 1.41 107

.32 .127 235 34.1 .83 63

5t-86--H16 1.27 .500 213 30.9 2.11 160
.56 .22 261 37.8 1.31 99
.48 .188 235 34.1 1.46 111

.30 .120 235 34.1 .90 68

Steels
BY-130 1.27 .500 911 132.2 13.66 1036
Hf-130 1.27 .500 1049 152.2 5.80 440
HY-SO 1.27 .500 770 111.7 3.09 234

Titanium

Ti-6A1-2Cb-IT-O.8SMo .254 .100 843 122.2 1.27 98
.318 .125 829 120.2 1.56 118
.478 .,88 891 129.2 2.30 174
.635 .250 888 125.9 2.40 182
.953 .375 871 126.3 2.16 164

1.270 .500 878 127.4 2.08 158

TI-SA1-4V CPO .229 .090 923 133.9 .73 55
ELIt .229 .090 967 140.3 .84 64
ELI, .318 .125 967 240.2 1.48 212
ELI .319 .225 M6 140.2 1.20 91
E'LI .533 .250 936 235.7 2.24 162

CP 1.270 .500 996 144.4 .65 49
EL! 1.270 .500 943 136.8 1.82 138

Ti-8A1--f-2.5$a .229 .;09C lo9 ,155.0, .86 65

(CP) .318i125 112 162.7- .26 20
.635 1250 1078 150.3' .36 2?,. 1.270 :50- 1039 -150.7' .53 40

,Comoercial Parity (oxcygen eantoit >(.1I%)
,txtra Low -ate-'titi , (oxygme oastet <8.n)
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WHERE Rp = CONSTANT

STANDARD SPECIMENS
B Al W S

(W) (cm) (KU (cm) 10110M (K) I(cm)
0.63 1.6 1.125 29 1.625 4.1 6.5 16.5

1.0 2.5 3 7.614.75- 12.1116 41
Fig. Al - Dlistralo of Dynamic Tear Test specimen
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FiU. A2 - COofigurstgon of specimens uWdfrsuiso tl~clomtrss.
(Gonvenloa factor: 1 in. 2.64cm.)
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B. Fracture Mechanics Technology/Fatigue Criteria

T. W. Crooker

High-performance surface ship structures involve the
use of materials under circumstances which incur a serious
risk of fatigue damage: high strength-to-density alloys,
complex. structural configurations, cost-conscious fabrication,
highiy aggressive service environments avd repeated loading
stresses generated by unavoidable structure/environment
force interactions. Metal fatigue will pose a long-term
threat to the integrity and reliability of these strueturem
and thus demands careful consideration from the earliest
design concept stages through the development of life-cycle
operation and maintenance criteria. The establishment of
fatigue design criteria and the selection of materials within
the framework of such criteria will play a vital role in
preventing fatigue failures in high-performance ship struc-
tures. A pioneer effort in pursuit of these goals is
currently underway for the PHE strut/foil structure system
using, in part, data generated under this program. This
section presents the results of a broad range of fatigue and
corrosion-fatigue studies conducted to develop the fatigue
technology base for a selection of candidate alloys for high-
performance ship applications.

BACKGROUND

Work aimed at establishibg a rational mqans of dealing
with fatigue crack propagation began in the aircraft industry
during the 1950's, in response to the widely publicized
British Comet aircraft failures plus other lesser known
instances of aircraft structural fatigue. A 1960 conference
or, the problem in Cranfield, England revealed a significant
amount of research had been initiated, but no common %nalyt-
ical basis had yet emerged (31). However, in a highly
significant paper published in 1963 (B2), Paris and Erdogan
proposed that the fracture meebanira crack-tip stress-intensity
factor (K) could successfully serve "s the primary variable
in describing fatigue crack growth rate (da/dIN). This widely
heeded paper still continues to both atimulate and focus
fatigue technology.

Once the basic engineoring apprarch to fatigue crack
propagation using fracture mechanics began to evolve, the
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81 extension of these studies into the realm of uorrcs.lcn-fstigue
began to occur. Early 3tudies of corrmsion-fat~gue using
fracture-mechanica-type precracked specimens beogan in the
mid-1960 %~ and by 1971 a signifinant portion of a cajor
symposium on corrosion-fatigue was devoted to fracture
mechanics oriented crarck propagation n tudies (M3).

Since 1971, major developments have or-curred in the
application of fatigue crack prepagation technology. Formal-
ized requirements for the use ef crack growth rate data in
materials selection and in structuval design giave been
Instituted or are being conteriplated by several influential
organizations. Mhe U.C. Air force prosently requires that
the structnral integrity of airplanes be deovonstrated through
the implementation of fatigue and fracture eontrol plane
which utilize fatigue crack prpG~atior Analyses (R4). The
U.S. Navy is currnntly developing a similar approach towards
the design of hIgh-performance surZaoe shipss (185).

The studies performed under this pragram_ yrev inten-ded
to further develop the fracture mechani*ýs technolcgy base
necassary for Implementation of moderu structural integrity
concepts., flata generated under this program have beea
utilized In the fa~tig*.e design criteria for the M9 17-4 PH
strut/foil system by the Boeing Company ard also in the
structural Integrity plan lor the M~ BY-130 struc/foil
system by the Oruusan Aerospace Corpo.:ation.

FATIGUE CRACK PBOPAGATION CHAflACTEISTICS OF 17-4 PH STEELS

High-strength precipitax5on hardening (PH) stainless
steels are among the caudidate materiA7;s for application in
new high-performance surface ships, Such sophisticated
applicatiore will require a Yar more comprehenoivo knvaledgc
of the mechanical characteristics of these materials. than
presently? exists7. The study reported here was undgrtakedi
to develop basic engineering Information on the cyclic crack-
grcrwth behavior of 17-4 PH ataiio.sas ksteetls The 17-4 family
of PH stainless steels reprefients a highly coxplex aed
inazompletoly understood alloy systerm. The mechanical prop-
erties rf V7-4 PH ateels can varf widely, depending upon
proceas~ng and heat treatment (BS,B). This Investigation
resulted In data on and interp"retation of cyclic crack'
growth in samples of 17-4 PH ateelm of interotL~t for potential
application in naval structures. Both macreoscopio frrct :e-

%oacbanits cyclic crack-growth teot resul'ts and zdcroscepit-
olideotron fractography Interpretatiumi are presented.
flescri tion of Miaterials

Two 12.7 =m (0.50 irt,)-thickz rolled pla~tes of 17-4 PH
stainless steel were studied, a vtcuum-nmelted (VU) sayple In
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the HIOSO conditien and an argon-oxygen melted (A011) eskmple
in the H1050 and 91150 c.. diticus. Chemical compositionls of
tha two plates are given in Table B1. Rough-t-cut specimen
blanko were solution treated at 1038*C (19000?) for 1 hr. In
an argoa atmosphere, followed by Pta oil quench. 1kchined
specimenS were than aged in an air atmosphere at elther
566 or 62l*C (1050 or 1130*F) for 4 hrs., folloyed by air
cooling. W-chtnical propo-rties of the heat-treated, materials
are shown in Table B2.

Experimental procedures

Fatigue crack growth rate MMCO) tests were condected
on each 0f the three materials studied. Single-edge-notch
(SENi) teision specimens 12.1 am (0.475 in.)-thick, aho'vn
schaeatically in Fig. Sla, were employed in the FM0 tests.
Crack propagation in these specimens occurred In the T-L
orlentatIon (B8). The proportions of these specimens and
the stress-!Intensity formulation utilized in calculating AK~
values were obtained from Ref. B9. Fatigue crack growth
rate tests were conducted on a closed-loop fatigue machine
in ambient laboratory air at a frequency of 5 Hz. Observa-
tions of crack length were made optically, at approximately
15X using a GaRertner traveling microscope. Speci~men of
each material were tested at various stress ratios (%miniwmu
stress-intensity factor/maximum stress-intensity factor - R).
Ratios of 0.04, 0.40, 0.67, and 0.80 were studied. Duplicate
specimens were tested In each case, and all FCGR curves
reported incluwle data from two specimens. One speciaen --as
first tested under constant load, then a second specimen
was stop-loaded with the load increased incwrementally after
each 0.25 cm (0.100 In.) of crack growth.

Tensil* tests were conducted on 0.907 cm (0.357 in.)
diaxeter specimens taken from the BEN specimtens following
ECGR testing. Fracture-toughness values were obtained from
1.59 cm (5/8-in.! Dynamic Tear specimans, Fig. Bib, tested
at ambient laboratory temperature in ac*eordance with
Ref. 810.

Replicas werG made to determine the mode of cyclic crack
prGpaation across the spectrum of stress-intertsity ranges
eyýamined. These, roplicas were made fro~m cellulose acetate
filwn whiab were *tripped from the fatigue fracture surfaces
(at tha midthicknes, positions), shadowed with platiumt, and
then deposited with a carbon backing. Visutal estimates of
percentages of the esoustituent microfractirre modes were made
by thoroughly examining each replica.

8_
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Results

The fracture-mechanics, cyclic crack growth results are
presented in Fig. B2a,b,c. These are logarithmic plots of
crack growth rate da/dN vs. crack-tip stress-intensity factor
range AX for each of the three materials studied. In each
case, the minimum AK values roported were near 11 MPa/im
(10 Icsi/tii.), and several R values are included. Tests were
continued to the maximum stress-intensity level at vhich
optical observation of cyclic crack growth could be mairn-
tained for each combination of material and stress ratio
studied. Tests were terminated either, because of the
occurrence of fracture, or because of experimental difficul-
ties in monitoring full-slant shear-mods cracks Which were
knowon to h.Ve 4 rregular crack frouzt shapes, The significant
features of these results are the variation in dsa/dN values
shown as a function of mater~al variables (processing and
heat treatment) and the varying sensitivities to P.. For any
given set of values. of AK and it. da/dK values can vary by
as much as a factor of five due to metallurgical effects.
Also, for any of the materials studied, da,/dN values at any
level of AK can vary widely in response tc variations in R,
especltally for higher levels of AK.

The DT fracture test results are plotted in Fig. B3,
which is a modification of the Ratio Analysis Diagram (RAVl)
for steels (B11). This cumulative plot of fracture toughngss
vs. yield strength is useful in the present work for comparing
the relative strengths and toughness values of the three
materials studied to one another, as well as to the overall
range of tracture toughness values measured im extensive prior
testing of steels, 'Me results from the 1.59 cm (5/8-in.)
Dynamic Tear (,TT) Test were plotted in Fig. B3 using proce-
dures outlined in Ref, B12, it can be seen that for the

j ~three materials studied, proecessing exerts a greater influencu
on toughness than does heat treatment.* Both of the AOM mate-
rials studied are of low toughness, whereas the VM material
exhibited sigreificantly greater toughness.

A wid-9 range of fracturo atechanisms was detected from
the fatigue surfacpa of the specimens exaaixed, including
striatiors 0MS'), microvoid coalescence (MMC, and micro-
cleavage Mr.~). Since cloavage is a partIcularly low-energy
mods of craek estension ;1d is azsociated with poor resistance
to crack growth. both in fracture and in stress-.corrosion
cracking, cetnsiderable significance 14 placed on its occur-
rence under conditions of cyclic crack growth. An example
of micro-cleavzge observed In trho A0&M H1050 material is
showia In a storeographic pair of electrov fractographe In
Fig. 84. It is worth noting that the occurrence of CLE was
virtually Confined to the AOX 111050 material and Its



occurrence, along with the associated %ccelerated crack
growth rates, could be suppressed either through processing
or heat-treatment variations.

DISCUSSION

Fracture Results

The fracture results, which indicate a very distinct
beneficial effect of vacuum melting, are in excellent agree-
ment with the much more extensive fracture studies ot, 17-4 PH
steels conducted by Judy et al. (M6). Beaeficial purity
effects on fracture toughness resulting from vacuum melting
are well recognized in steels and are the principal factor
.n datermining metal quality "corridors" on the RAD (Bll).
R. shoud be pointed out that the AOM matezial does not
appear amenable to significant imaprovement in fractur.e tough-
ness through variation in heat treatment and falls among the
least fracture-resistant steels available at the respective
yield-strergth levels studied (86).

0yclic Crack Growth Results

Several investigations have shown that cyclic crack
growth, as measured in terms of da/dN valuas as a function
of 4K, is remarkably invariant in a broad selection of steels
(principally martanaltic), ranging in yield strength from
intermediate to ultrahich levels 0B13-B15). Conversely, other
Investigators have shown significant and systematic variations
in cia/dN values in similar types of steels which can be
related to macromechanical properties or heat treatment (B-7,
B16-B18). However, these previous investigations of cyclic
crack Kroqrth 5.n steals have tended, for the most part, to
limit the loading conditions to R values near zero (zero-to-
tensiona), and to make relatively few fractographic observa-
tions as a means of explaining varia-tIons (or the latk
thereof) in behavior. 7hus, an incomaplete and somewhat
confusing Victure of cyclic crack growth behavior In high-
strength ateols exists.

Recent investigations conducted in Great Britain have
bosujn to remedy this void in our knowledg3 of cyclic crack-
growth behavior of metallic materialz (,'89-B23). Mhe findings
of thosa separate Anvestigatloe.4 largely support the Observa.-
tioro of this study of 17-4 PR st"el.s

The da/dN vs. AXR results shovin in Pig. B2 indicate
4 distinot differences in the cyclic crack-grovth characteristics

of the three 17-4 PH steels studied, Several salient observa-
tions are as follows: First, for virtually any combinat ion
of AF andR, the H1050 VUi material exchibits lower crack arowth



rates than does the H1.050 AOM material, This can be regardedas a beneficial purit7 effect and is in agreement w•ith the
findings of V'ans et al. (M~). Second, heat treating the
AOM material to the lower yield-strength M1150 temper signif-
icantly improves the cyclic crack-growth resistance at the
low R value (0,04), as compared to the H1050 AOM material at
the same U value, and results in da/dY values comparable to
the VU material despite significant differences in fracture
toughness between the AOM R1150 and VM H1050 materials. How-
ever, at higher R values, the lower toughness H1150 AOC
material develops significantly higher da/dN values than
does the H11050 VM material. This finding is in general
agreement with the results of Rack and Kalish (B7). Third,
each material exhibits a significant dependence of da/dN on
R, which is most pronounced in the lower toughness materials;
and, tnis R-factor dependence diminishes with decreasing AK.
In fact, there is a tendency for convergence of nearly all
the curves at &X levels near 11 MP../1 (10 ksi/rn.). These
observations agree, at least in part, with the findings of
most of the British investigatinns cited in Refs. B19-B23.

In recent years, numerous FCGR laws which account for
stress-ratio effects have bern lormulated. However, attemptsj to normalize each of the sets of data shown in Figs. B2a,b,
and c into a unified forwAt vere unsuccessful. Obviously,
In a situation where metallurgical factorr exert such a
pronounced effect on cyclic crack growth behavior, no single
law based on continuum nechaidcs principles will success-
fully describe such varied behaviow. Rather, an understanding
of micro-mechanistic events is necessary.

Fractographic Results

As shown above, both the VY and AOIL steels in the 11150
condition exhibit a growth rate dependence on R, although
the dependence is greater in tha case of the AOM plate. And
for a given value of P, the crack propagation rate is higher
for the AOM plate. Electron fractography reveals that this
difference in behavior between the two plates correlates'
with the propensity toward cleavage *s a mode of cyclic
crack extension. For e•ample, at R - 0.04, the AO•I-H105O
steel exhibits 2-5% CLE for &K levels from 31.9 to 133 IPafr
(29 to 121 ki/Th°). At R - 0.67, however, much more CL-
appears, viz., R constant level of 15-20% for aK ranges of
16.5 to 38.5 MIa/v (18 to 35 hs/r-.). On the other hand,
the VX-HiOSO oteel exibits no cleavage at R - 0.04, over

* the whole spactrum of K 'Levels examined; at R - 0.67, just
a trace of CU (IS) appears at eg levels from 25.3 to
87.9 MPW=i (23 to 80 ks1/I•.). Thu, the incidence of CLB
appears to coincide with the poorer crack-growth-rate

* B-6



-~ -~ ~OEM=

resistance of the AOM plate. The greater propenaity tovarc;
cleavage in the AOM plate might be related to the greater
percentage of 6-ferrite in the microstructure.

Wrhen AOM steel was aged a'. a higher temperature to
obtain the H1150 condition, cleavage was completely suppressed
as a mode of crack extonsion, for R - 0.04, and the crack
growth rates were reduced significantly to levels less than
or equal to those for the VM steel in the 21050 condition.
Ibis improvement might be related to the increased formation
of reverted austenite in going from the H1050 to the 21150
condition in the AGM! steel, or to the alteration of some
feature of the precipitation-hardening mechanism, e.g., the
magnitude of the coherency strains. For cyclic crack growth
at R 0.67, a trace of CLI! (1-2%) did appear at all ARK
levels exanined, from 18.7 to 51.6 Mcllni (17 to 47 ksi/Ih)
just as It did in the case of the VI! steel in the H1050
condition.

while microcileavage is not uancormon as a mode of cyclic
crack propagation in alloys of varioun families, the nature
of Its occurrence in the present case is enigmatic in one
respect, viz., that the percent CLI! appears to be independent
of Ak: over wide ranges of AK. This finding contrasts with
that for the H900 condition of a 17-4 PH steel studied by
;ack and Kalish (M7), who reported that percent CLI! increased
vith AXK. While it has been reported for other alloys that
the percent CLI! decreases with irv~reaaed AX (2B24,225), this
in the first known Instance wnhere the peroent CLI! apperas
Independent of AK, for a given valuel of R, Hilch further
work may be required for a full understanding of this
behavior.

SUMMRY AND C0NC3LUS1QNS

Fatigue crack propagation ratesk (da/dN) in ambient
laboratory air have been. obtaInad as a func-tion of stress-
Intensity factor range (AX) for an argon-oyewl wilted steel
in the l1050 and H1150 conditions, and for P, vacuum-naelted
steel In the 21050 condition. T-Ihese growth rates were,
dateruined for stresa-lntensity factor ratios R - 0.04, 0.40,
0.67, and 0,80, Mode& of crack extension were determined by
electron frictography to alucidzte differences in crack-
grovtb-rate behavior. Cleavag%4 appeatrs e a mode of cyclice
orack pror",ation In thlo Zamily of istee's, to the detriment
of cyclic crack-~grovilth vita eIn particular-, It w.aS
found that:

(a) the aizilount of cleavage, appears to be indepondent of
tK over a wide speotrumi of &K lovels *



(b) the amount of cleavage (as well as the associated
cyclic crack propugatioa rates' increases significantly with
R.

(c) heat treatment can be %djusted to minimize the
appearance of cleavage,

(d) slight vaxiations In alloy processing servo to
eliminate cleavage,

COHRSO.N-PATXGUA CRACK PROPAGATION CHARACIIRISTICS OF

Craick propagation in high-strength alloys, causod by
the combined forces oZ fatigue and corrosion, represents a
potentially serious threat to the service capabilities of
high-perfmrsancs surface ship structures. The application
of fracturoe mechanics principles to fatigue has permitted
researchers to utudy crack propagation undor strictly defined
crack tip mechanical conditions which duplicate structural
service. Studies conducted under this program at NIM's
Varine Corrosion fL-zearch ?aboratory located in Key WesT.,
Florida have added a now degree of servi±ce simulation to
-rrosion.-totigue studies by condutetng crack propagation

tests- in flowing natural seawater. IbTis added degree of
service simulation, vhich is providzed by the natural mar-ine
environment, le, of partlcular Importance in the characterlsa-
tion of new alloys heivg developed lor application in
critical, high-performance structures.

Description of 11Atarials

The materialp. studied under this phavo of the program
included the three 17-4 PP steels described in the previous
section plus ST-130 steol, Ti-6Al-2Cb-lTa-0.8?6o and 5456-3411
aluminum alloy. Tito tansile properties of these materials
are given in Tables MS and 83.

-r~imental Procedures

teýsts were ecndunted using siogle-.efte-notch (SRN)
cantilever specivena. BetAils of the test specizen geometry
are onown in Fig. B5. Fraxctue xechanics atress-.±ntennity
factorls 'Were calculat!ed uaiing the Kies, equation (32c). e

$speclviser were oriented with the ofede rack parallel to tho
final iolllrg direction, 2ir the ATTK1 designated T-L orienta,-
tion 0P8).

Cycling tws perforsed under coustant msNus-_~ load, zero-
to-toeJrdo, (a 0), at fre-quencieo ot 4nthr 10 or I aptA.
tlnfortunato~y, the coa rol systort of th* tvat mgchinez. did



not permit load-tints 7aveform conzrol, an imyportant ptŽanetor
In corroc ion-ti,1 (. gne tzting (DL7). flo~vez, Car~ comparison
purposes, -.h w.ý,veforn 'can be ccnzidored to be aU roxlma~oly
tr~angular.

Fatigue specimers were tested IL. ;wtura.± 3eavater Fkt
the !1ML Marine Corrosion P~'hLab-.xrxs-oiY in Fey West,
Flor~da. Natural snrzvei1r *ý t,tAon dlrectlý from the o~t.eaL
and immediately poassed ithr'ugh a polyurethans. er1oeure e±ell,
Placed &ýOund i,ý specimen tact Soction, in &Z SL-'
mode at a flow rax- of ca. 200 &I/min. T:&e corrosion zel
had a plexiglaa teigs~ for e!ý9~ical ý,"ervation of
craek growtb, Mqas~rement tf the fstIg~ie-crack 1or~tN vas
performsd by a slide-'noented optel mic 'aaetcr focisec: oz
the root surfacc oi ope alde-groovo, eo thv6 specimens.

Electra-heemca% poteiutials rore applied by means (if A
pot~entiostal device. i.~uentials were zeftsured versuz un
Ag/AgCl ret.,rence e.ýeetrode. '%e freely corrc.ina~ pocontials
of the variouh. materials stu.'ioa are given l.u Tat-le IV

Resul~s

The results o! this pkiate of th-.4 prcgratm aro shorn in
Figs. 136 through 8li. These figures are logarithmic plots
of crack growth rate (da/dff) vs. etress-intensity factor
range QK)r for tho e--, .aa"ýýs lnoiuled in thi3 phano of
the Program, Ral:h :11ot includes a rrf-veacý e s-irxted
in a laboratory wa~ieut air onvirionment exlalive ftumldl~ty
-50 percotnt) plus data gezwkratd in flo2wing naturalR aawmater
under freel? cc rroI6x'r conditions aad unkder' varioua appli.~d
electrochemicial pot-rY ýal.t3 All data nbown are for a 10 cpa
triangulmr' loud-tini-, waife Imorm izuaOs one erwise noted, Sev-
eral of the air eowivito;.nt rexe,'tnee curvv.t Inc2itde ki.ýber
frequency data from U~th%*ý ýbAzes of this Btudy or Prom
previous studies sA-1 ar. - own for confirmation puarposes.
Spec'if1cally, the W-131! Air enviroraeint data are reported
iii reference B28, ai' cd e o-, the 17-4 PH air envir-)rw~rt
data are reported In Aa'otnrxn-t 2329 unfer anothtcr pfsse ok
this program. Also, cnw aa-ze of poteaticstated seawater
data for tho hY-iSO *zntovtQ~ was obtaineod at ea frequency of

I cjm.

A wide variety of r nap--eea to zeavmttr And aleotrc-
chominiol potential wG-4. 'oetvd among thie ;six zater±l.18

t (i)no effect of ei1 vr n.~or mz potentlitl (T-1-eu-
i2Cb-M~-0.89j)

deeeros i>,tt ss-avuter vith nooffset of

poeta 2 VA-UU; A:jtO 174P a*1



tlii±) deleterious effect of seawater wit' b;..ficiai
effect of potential (5456-H1ll6 aIumnumi;

OV;- deleterious effect of seawater with deleterious
effect of potential (argon-oxygea melted 17-4 PH
steels)

(v) deleterious effect of seawater ab~d potoe-tia3. with
a further deleterious effect of reduce,! cq.-%1ic
fxequency (HY-130 steel)

The magnitudes of the seawater-in'duced acoel,%vations In
crack growth rates varied from negligible to an order of
magn!ýtude, with the greatest accelerations tending to ou
under lower-amplitucie cycling conditions.

DISCU88ION

The highly varied effects of natural seawater and electro-
chemical potential on fatigue crack growth rates observed in
this study have Important implications for the use of twizee
,ulJarials in high-performance naval ship structures. Partic.-
idla& eaphasis should be placed on the results obtained for
U11-130 and 17-4 PH steels, owing to the deleterious naturo
ol the effects observed and immediacy of these materials to
Kivyf prcgrars. Specifically, the seriously deloterio-_e
mf fecta of seawater, electrochemical potential and reducend
cyc-lic f'requrency observed in these materials relate di~rectly
to "c.:ual service conditions. Despite new devel.opmots In
ocating sybtoas, thvse materials do auffer direct conatact
with seawater. Blectrochemical potentials of the sign and
:ýA~gpitud±e included in this study are encouzntered with these
rx-Aer.'als as the result of unintentional coupling between
dl~a~lmilar metals (such as steel foils and an alumirum hull-)
or as the result of the int6ntionAl use of sacrificial anodes
to suppreas pittirg *nd crevice corrosion. Low' .zylic fre-
qtwncy loading (-10 to 1 cpm) is also encountered in the
ar'tu&I vervice loadine of thase materials. The results of
ibýs stuet' ele~rly _ndicate each of these factors to be a
gotential problem xrea 'n the application of the", high-
strength marine alloys to high-performance- ship strlutures.

Hnot-oer, the reut bandontenneru titanium
I-M~-2Cb-fta-OMOW showing no effect of either aeaimteo' or

potential suggesit that thia alloy may be a very at~tract~ve
ii candidate material for %ppL,.cations involving corrorion-

ý-,tlgue. Also, the result.) for 5456-lIllO aluxinun #;howing
only a modest dele~terious effect of seawater and a bonalicial
elfect of potentiCZ suggest that electrochemistry may of for
a *b~ro of protae-t~rS this maxerial against corrosio-fa,ýigue,

B-10



SUMIERlY AND CONCLUIO~lNS

C.'rros on-fatigue crack propagation studies were
coiductd on a selected group of high-strength marine alloys
in flowi•g natural serwater at various cont-olled levels of
electrohemical potential. The materials ettudiod imluded:
HY-ISO stee], vacuum melted 17-4 P- steel in the 11050
tempev, ,r-gon-oxygen melted 17-. PH steel in the 11050 and
H1150 tempere, TI-6AI-2Cb-lTa-0.8U and 5466-HIIS aluminum
alloy, -Me results are presented in terms of a da/dN-AK
fracture mechanics format. These results have shown that:

'a, The corrosion-fatigue ,.esponse of these alloys to
nataral seawator and electrochemical potential varies videl7
dnpendir; upon the particular alloy. Effects range from
negligi'ý.4• +o seriously deleterious.

%b) j.,"'ally, tnt, hIAn-atrength srtia 'HY-130 and
17-4 PH) cu,•runtly conittod to Nav-y programs are among tna
-izat seriousl; af~ifted by corroloua-fatigueo

"(c) The uonfrrnus marine alloy:) (VTi,,Al-2Cb-lDa-0.38M
and 5456-HT16 aluminum) exhibited very promising responues
to the cond~tiaon of corrosion-fatigue utilAzed in this
pro.Jram.
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C. Fracture Mechanics Technology/Crack Growth
and Electrochemical Protection

Dr. C. T. Fujii

INTRODUCTION

Ships or craft designed for high speed service, such
as hydrofoils, will be expected to perform reliably under
adverse operating conditions. A real threat to reliable
performance, however, is posed by SCC - i.e., the extension
of flaws in metals from the combined effects of stress and
corrosion. The deleterious synergistic effects of tensile
stress and the corrosive ocean environment on structural
alloys generally tend to progressively worsen with increasing
yield strength. Inadequate background experience in the use
of modern high strength alloys in thickness/strength level
combinations under hostile marine conditions such as for
FCS applications severely restricts attempts to define safe
operational limits for such advanced structures. The SCC
behavior of candidate alloys for FCS construction needs to
be more adequately established to effectively guide material
selection, design, and fabrication procedures, as well as
aid development of electrochemical protection technology.

The elfects of electrochemical potential on the 8CC
behavior of most alloys are particularly pertinent for naval
applications. Increased cathodic potentials may cause crack
growth at lower values of K ace than under freely corroding
conditions, and the magnitude of the effect can be expected
to vary with alloy systems. Cathodic protection systems
while minimizing corrosion can simultaneously cause increased
absorption of hydrogen at the crack-tip which results in an
increased SCC sensitivity of the alloy. Thus, electrochemical
effects need to be defined accurately to prescribe effective
cathodic protection systems for new high strength alloys
without significantly lowering the SCC resistance as well as
to provide a capability for predicting behavior of galvan-
ically coupled dissimilar alloys as might occur in actual
naval structures.

OBJECTIVE

The objective of this subtask was to determine the effect
of electrochemical factors on the SCC properties of leading
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candidate alloys for fast craft and ships (FCS) applications.
The emphasis was on characterizing the SCC behavior of thin-
plate materials - one inch or less - utilizing precracked
specimens which were tested in 3.5% NaC1 solution under
freely-corroding and electrochemically coupled (cathodically
protected) conditions. Included in the SCC studies were
several steels, titanium alloys, and marine aluminum alloys.

SCC TEST KETHOD

The cantilever test method employing single-edge-notch
(SEN) fatigue-precracked specimens was used to determine the
threshold stress-intensity factor for SCC (KIscc) of selected
steels and titanium alloys. The corrodent, 3.5% NaCl solu-
tion, was contained in a polyethylene reservoir around the
crack and changed daily during the experiment. Tests were
conducted for the freely corroding condition of the specimen
and for different cathodically polarized conditions by
galvanic coupling to appropriate anode materials. The
electrochemical potentials of the specimens were measured
against an Ag/AgCl reference electrode. A step-load proce-
dure was followed to determine Kisc values for steel
specimens; a single-load-failure criterion was adopted to
establish the SCC thresholds for the titanium alloy specimens.
At the conclusion of each test, the fracture surfaces of the
specimens were examined for confirming evidences of SCC.

ACCOMPLISHMETIS

17-4 PH Steel

An extensive characterization of the SCC behavior of
17-4 PH steel emphasizing the effects of tempering procedures,
plate thicknesses, and electrochemical potentials has been
completed. The data from cantilever bend tests are sum-
marized in Tables Cl and C2, and graphically compared in
Figures Cl and C2. The results show thatt

- Increasing yield strength decreases the SCC resistance
of the alloy.

• Increasing cathodic polarization decreases SCC resist-
ance of the alloy.

M Metallurgically averaging improves the SCC resistance
and flaw tolerance of the alloy.

T The specimen thickness required for determining
thickness-independent Kxscc for 17-4 PH steel is considerably
less than required for a standard KIc test.
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17-4 PH GMA Weidment

The SCC properties of a 17-4 PH OMA weldment were
determined, and the results are summarized in Table C3.
Comparison of the SCC behavior of the base and weld metals
showed matching properties under nathodically polarized
conditions but a measurable decrease of approximately 25%
in SCC resistance for the weld metal under freely corroding
conditions.

Details oi the SCC properties of 17-4 PH steel and GMA
weld metal are documented in the publications on these mate-
rials listed I.n the Bibliography.

15-5 PH Steel

The SCC behavior of precracked specimens from thin-
plate 15-5 PH stoel were determined; and the K~scc data for
6.4 mm (0.25 tn.), 12.7 mm (0.50 in.), and 25.4-mm (1.00 in.)
thick plates for the FOSO temper are given in Table C4.
Results are simtlar and comparable to those noted above for
17-4 PH steel.

HY-130 Steel

The SCC properties of two different heats of BY-130 steel
in 25.4 mm-thick (1 inch-thick) plate form were determined
in 3.5% NaCl solution in the freely corroding and electro-
chemically coupled conditions. Table CS summarizes the
results obtained. The material has relatively high SCC
resistance under freely corroding and limited applied
cathodic potentials (coupled to 5086 Al). At higher cathodic
potentials, there is a significant decrease in SCC resist-
ance. Details of the SCC experiments of this material are
given in Report of NRL Progress of November 1973 (see
Bibliography).

Titanium Alloys

Four titanium alloys, each in two plate thicknesses,
were characterized under freely corroding and zinc-coupled
conditions. The alloys were Ti-6AI-4V (CP grade), Ti-6A1-4V
(ELI grade), Ti-6A1-6V-2Sn, and Ti-6A1-2Nb-lTa-0.8Mo. The
results of the SCC tests are summarized in Table C6. All of
these alloys exhibited some degree of susceptibility to SCC,

but their SOC resistance in salt -ater is relatively good
in comparison to other titanium alloys (such as TI-7-2-1 and
Ti-811-1). There appears to be an effect of specimen thick-
ness, B, on the measured Klgcc values. Higher threshold
K-values were observed for 6.4 m= (0.25 in.) than 12.7 as
(0.50 in.) specimens for three of the alloys which suggests
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lack of crack-tip mechanical constraint in 6.4 mm (0.25 in.)
specimens. Metallurgical and yield strength differences
between 6.4 mm (0.25 in.) and 12.7 mm (0.50 In.) plates may
also have contributed to the observed behavior and perhaps
partially explain the performance of the Ti-6AI-6V-2Sn alloy.
One notable difference between the SCC behavior of titanium
alloys and high strength steels is the relative insensitivity
of titanium alloys to applied cathodic potentials as shown
by comparison of the freely corroding and Zn-coupled data in
Table C6.

Aluminum-Maignesium Alloys

The SCC behavior of two Alcoa Al-Mg alloys - a commercial
alloy, 5456-H117, and an experimental alloy, N-H117, was
determined in the as-received and aged conditions for suscep-
tibility to cracking in 3.5 percent NaC1 solution utilizing
double cantilever beam specimens machined from 1-in.-thick
plates of the two alloys. The chemical composition of the
alloys and the results of the SCC tests are given in Tables C7
and C8, respectively. The results show that the as-received
specimens were insensitive to SCC in these tests with the
exception of one N-HI17 specimen. All of the aged specimens
of both alloys were susceptible to SCC. As expected, there
is a pronounced tendency to favor SCC in the SL orientation.

SUMMARY DISCUSSION

The work which has been completed has defined the SCC
properties of thin plates of several materials which are
presently prime candidates for FCS application. These mate-
rials include two high-strength stainless steels, a quenched-
and-tempered steel, several titanium alloys, and two aluminum
alloys. The SCC data obtained for these alloys are some of
the most extensive for any thin-plate material obtained to
date. All of the high-strength alloys studied were suscep-
tible to a limited degree to SCC. The variation in SCC
resistance was shown to be influenced by yield strength,
electrochemical potential, and metallurgical variables. The
relative influence of each factor varied with alloy system
and can be qualitatively described as follows:

Steels - increasing yield strength and increasing
negative potentials decreasod. SCC resistance.

Titanium alloys - increasing yield strength generally
decreased SCC rosistanco, but the freely-corroding SCC prop-
erties were not affected by an applied negative potential.

Aluminum alloys - overaging high-magnesiua marine
alurinum alloys decreases SCC resistance. The SCC properties !
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of wrought aluminum alloys are highly orientation dependent
and are minimal in the short-transverse direction.

The tabulated data for these three types of materials
offer a more quantitative basis for comparisons of the effects
of temper, potential, plate thickness, and alloy system on
the SCC properties in a saline environment. For engineering
or structural applications, tho comparison of SCC properties
is facilitated by a graphical summary of valid data in the
format of a Ratio Analysis Diagram (RAD). Figure C3 is a
RPD for SCC of steels in laboratory salt water (approximately
3.5 percent NaCl solution) where the ordinate is the critical
stress-intensity factor for SCC, Klscc, and the abscissa is
the yield strength, ay, of the steel. For purposes of dis-
cussing the significance and utility of the KT~cc data of a
given alloy, 17-4 PH results are included in Fig. C3. The
S•C envelope, the shaded region, was constructed using most
of the available SCC data determined for a wide variety of
steels by several laboratories. Visual confirmation of
crack growth was imposed as a requirement before the Kjscc
data were included to define the boundary limits of the
envelope. The older forging grade steels would be repre-
sentative of material in the lower regions of the envelope.
The nower weldable steels of improved quality would generally
fall in the higher range of the envelope. The system oc
constant Kjscc/v ratio lines divides the diagram Into three
ratio zones - hilh, intermediate, and low. These zones may
also be regarded as levels of resistance to SCC. The transi-
tion from high to intermediate and low SCC resistance is
relatively sharp as indicated by the general slope of the
envelope. For specimens with sufficient mechanical constraint
to assure applicability of linear elastic fracture mechanics,
the ratios are directly relatable to critical flaw sizes for
SCC and are most useful for predicting structural performance
when applied in this context. The SCC problem is much less
severe for high ratio than low ratio material because of its
inherently higher flaw tolerance. Thus, under constant
applied stress conditions, high ratio material will tolerate
larger preexisting cracks before succumbing to SCC. The
17-4 PH data in Fig. C3 show that for the freely-corroding
condition this alloy has relatively "high" SCC resistance
at yield strengths below approximately 1034 lPa (150 kii)
and an "intermediate" level of SCC resistance at higher

" I yield strengths. Cathodic polarization of the specimen to
the zinc potential (-1.OV vs. Ag/AgCl) reduces the SCC
resistance to "intermediate" and "low" levels for the indi-
cated yield strength range of 827 to 1241 UP& (120 to
180 ksi). The advantages of low yield strength and the
disadvantages of Zn-coupling on the SCC properties of 17-4 PH
steel in comparison to other coliercial steels are thus
clearly evident in Fig. C3.

c-5

~7,i



4 K~sce data for other alloy systems may similarly be
displayed in the format of RAD's for purposes of rating the
SCC behavior of alloys.
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TABLE C3. SCC PROPERTIES tF 17-4 PH BASE ALLOY AND
GMA WELDMENT IN 3.5% NaCi SOLUTION

- KIscc, MParm (ksi.TA.)

MATERIAL ay FC* gn Mg
I (-0.3V)* (-l.OV) (-1.3V)

Base Alloy 1020 (148) 132 (120) 71 (65) 47 (43)

Weldment 1014 (147) 102 (93) 71 (65) 56 (51)

*FC - Freely Corroding

S*Specimen potential vs. Ag/AgCl referetxce electrode
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D. Advanced Compcsites

Dr. J. V. Gauchel and Miss A. M. Sullivan

SUMMARY

The use of composites in "weight critical" Naval
vehicles such as the patrol craft hydrofoil is dependent on
the development of reliability data for the failure of these
materials in a marine environment. The recent recognition
of fiber-reinforced composites as a new and valuable class
of structural materials is not yet supported by a broad base
of reliability data such as has been accumulated on wood,
steel, aluminum, etc. over a period of many years. For the
most part the data which exists has been derived from short-
term laboratory tests and sheds only a little light on the
long-term response of the composites to stress in a marine
environment.

The principal accomplishment of this subtask has been
to determine the effect of long-term exposure to water on
the basic fiber-controlled properties of tensile strength,
tensile modulus, and fracture toughness of model graphite-
reinforced epoxy resin matrix composites systems. While
this study has shown that graphite-epoxy composites are
extremely stable in a marine environment, it has also deter-
mined that they are brittle materials sensitive to crackpropagation. It has also demonstrated that the level of

quality control in the processing of these materials must
be improved before reproducible design data on the effects
of matrix and fiber composition can be obtained.

ACCOWPLISRUUITS

The major achievements of this subtask were to monitor
the degradation caused by long-term exposure to water of the
tensile strength, tensile modulus, and fracture energy of
graphite fiber-reinforcid epoxy matrix composites, to evaluate
the effect of laminate geometry on this degradation, to
examine the feasibility of using linear elastic fracture
mechwaics (MMI) as a. measure of the res istance of composite
materials to fast. crack growth and to Idetermine 'the roleof, fabrication -In -the variability of the mchanical proprties

of composite system.



it has been shown (Dl,D2) that the brittle nature of these
materials allows use of LEFM as a model for their failure.
Values for the notch sensitivity, Kq, of double notched
tensile specimens of each system investigated were evaluated
as a function of relative crack length. The results indi-
cated that over a range of relative crack length from 0.2 to
0.6 the notch sensitivity was independent of crack length
(Figure Dl). The rea.ults suggest that LEFM may be a useful
method for comparing the resistance of both composites and
metallic systems to fast crack growth (Figure D2).

Fabrication-induced variability in composite materials
is introduced through differences in fabrication techniques
from fabricator to fabricator and by differences in the time-
temperature history of the starting prepreg materials
(Tables D7 and D8). During the course of this investigation,
the variability induced by fabrication masked any effect of
compositional parameters on the measured physical properties.
This observed variability caused a reevaluation of the fab-
rication techniques required to manufacture a reproducible
laminate. A laboratory vacuum-release method developed
previously (13) for making void-free adhesive bonds was
modified for use with a composite system. While this tech-
nique is not feasible for the manufacture of large components,
it did demonstrate that void-free composites could be
produced.

An exploratory investigation was undertaken to assess
the suitability of the fracture mechanics parameter X. for
determining the fracture resistance of fiber-reinforced
metal-matrix composite materials. In linear elastic fracture
mechanics, Kc applieb to thin-sheet material essentially
under conditions of plane stress where small amount of crack
growth occurs prior to instability and final separation.
The matter of concern was whether the inhomogeneous nature
of metal-matrix composites was sufficient to invalidate the
use of traditional methods which were derived for homogeneous
metals. The investigations revealed that the inability to
predict failure mechanism&, which were different in metal-
matrix composites than high-strength metals, and the variation
of elastic modulus as a function of orientation of test
specimens with respect to fiber direction were the major
problem areas in conducting experimental work with these
composites. Because of this, it was concluded that fracture
resistance as measured by k• is unlikely to provide reliable
characterization for metal-matrix composite materials.

DISCUSSION

The composites industry continues to promduce new mate-¶rials that show potential an components in high performance
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Naval systems. Unfortunately, the materials are being
developed and modified faster than information on the effect
of long-term exposure to a marine environment on their
mechanical properties can be generated. This program, as
conceived, emphasized the evaluation of reliability criteria
for organic-matrix composite system. Of special interest
was the determination of the effects of matrix changes on
the long-term environmental stability of this material.
However, it soon became evident that the use of graphite
fiber-reinforced epoxy resin matrix composites as structural
materials in high-performance Naval vessels would not be
limited by the intrinsic hydrolytic stability of the materials
but rather by their brittle nature and by the inability to
consistently manufacture reliable laminates.

Of the two problem areas, improving the reproducibility
of the fabrication process is the most readily solvable. In
fact, recent developments in dielectric analysis and C-13 NUR
spectroscopy have given the fabricator powerful tools for
overcoming the two major areas of variability - improper cure
and variability of the input prepreg.

Improving the toughness of graphite-reinforced systems
will require a larger effort. Studies are currently underway
to determine the effect of a flexible interlayer between the
fiber and the matrix in increasing the toughness of composite
systems. Hybridization of the fiber system and increasing
toughness by use of stacking sequence designed with integral
crack stoppers are also being evaluated. Hopefully, these
attempts will result in composites with increased resistance
to fast crack propagation.

As of the present date, what is available to the design
engineer are materials with good average mechanical properties
intrinsically stable in a water environment, but with a
variability that causes large penalties in design allowables.
These penalties reduce the attractiveness of graphite-
reinforced organic systems and cause design engineers to be
reluctant to specify their uses.

This study has been able to identify some of the problem
areas of organic-matrix composites. It has shown that the
graphite system is intrinsically stable in a water environment.The effect of laminate geometry on mechanical properties has
been investigated and found to be predictable from considera-
tions of the failure mode and number of load-bearing plies.
Linear elastic fracture mechanics has been shown to be a
useful method for evaluating the fracture resistanife of
composite system . Lastly, this study has documented the
need for increased work in the area of fabricktion in order
to develop reproducible lininated composites.
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TABLE Dl. MATERIALS

Fibers

BUS Narcules Corporation
Modmor 11 Whittaker Corporation
Thornel 400 Union Carbide

Resins

DER332 Dov Chemical Company
Nadic Methyl Anhydr~ide (NMA) Allied Chemical Company
Benyl Dimethylamine (BDNA) Eastman Chemical Company

J)ER32 Dow Chemical Company
Metaphenylenediamine (MPDA) Shiell Chemical Company

-gg*

M5-l,



a Ant V.-0 0 ~ ~

C4 ov~ "o "f 4 
t 'Z o om o

v ~ f- ' t.v lt o &

0w4 o 0 Nsm t. 0 ms"~. 2..0

v 0C od t. a:~ 0.' 10so

1.1- tot.t:a D .

Iý fii iI

D.7,

77



A 0 oor 1

U 0 13 O.4 m 44 .4.4. M .4. a m

*02

144
E-10

93

A r4



agoC4 '0m g 0 Ho~ 0 C C4C CC 000

o2 N go.Om?0

~ 00 0. 00 0 AO00 0 0 00C~

CC4

S0 0 0 * 03 m

v 4
~ C-C -CCH



Hvm woO).mom 000

-4 g

Ora0 O~t ~0

m wm v vv0 ' o(

fc4 '-M4 
c - -4 C C 4 C

00

z qC7 O 16C f6e u00~ 00 040S

m Im

00

104

D-,10

pil" 7 1



TABLE D7. EFFECT OF FABRICATOR ON PROPERTIES OF GRAPHITE
REINFORCED COMPOSITES

Fabricator Strength Notch Toughness Of
(MPa) (psi) (UPa) (psi. in. 1 / 2 )

A 718.9 104,271 273.0 39,588 62

B 517.4 75,038 159.5 23,133 64

EFFECT OF PRPEPEG CURE ON PROPERTIES OF GRAPHITE COMPOSITES

Plate Strength(MPa) (psi) (NPa/W) ( i . In.1/ 2 )

C 428.1 62,085 10.1 9,195

D* 409.3 59,364 20.6 18,717

*Plate C contained Prepreg which had a greater than average
degree of cure prior to fabrication. The prepreg was still
within the manufacturers stated life of the system. Plate D
was manufactured from prepreg with the standard degree of
cure.
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B. Bonding Technology

Dr. W. D. Bascom

Organic matrix composites and structural adhesives are
among the materials being considered for use in FCS. Reli-

(1) assess their suitability for FCS and (2) to be part ofability criteria must be developed for these materials to

the data base for SI technology. As with high-strongth
metals, reliability testing is based on fracture mechanics
principles and In fact, because composites and structural
adhesive joints show so little ductility, their failure
can be characterized by linear elastic fracture mechanics
(LEF=). The state-of-the-art of LM testing of composites
and adhesives is, however, still developmental and not yet
ready for unqualified engineering applications. Indeed,
the principal accomplishments of this subtask have been
advancements in T testing methodology especially with
respect to structural adhesives.

Two general comments should be made Pbout the use of
composites and structural adhesives in FCS before sumarixz-
Ing the work on LEFM testing. First, there should be
considerable caution in the use of graphite/epoxy composites.
Although these materials have high modulus and are not
especially sensitive to moisture (Figs. 311,112), they have an
inordinately low toughness (Fig. Z13) and therefore would be
susceptible to flaw growth. Secondly, the use of structural
adhesives in metal joining for FCS construction is not
presently warranted because of their extreme moisture
sensitivity (Fig. Z1 and Table Z2). Poess.ble means of
correcting or circumventing these problem are discussed in
the text.

The advances made here in structural adhesive fracture
testing for reliability criteria were to (1) establish the
existence of a bond thickness-temperature effect (Figs. 214,
115) and (2) demonstrate a dramatic reduction In toughness
in joints subject to combined tensile and shear stresses
(Figs. 16,27). These effects had not been previously
known and add considerable complexity to adhesive fracture
testing. It was possible;in this work to -identify the micro-
mechanics of the bond thickness and combined stress effects,
and this inform&ti6n-may eventually help in-reducing the
complexity of fricture testing these-materials.
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ACCOMPLISHMENTM

The reliability of structures bonded with high-performance
adhesives is determined by the resistance of flaws in the bond
line to propagate by combined conditions of stress and envi-
ronment. Test methods for the fracture reliability of
adhesives based on linear elastic fracture mechanics (LWM)
had been developed prior to this program (Ref. 11 and 32).
These methods were used and significantly extended in the
work of this subtask to determine the effect of joint geom-
etry (bond thickness and bond angle), environment and adhesive
composition on bond reliability.

A survey was made of the fracture resistance of coumer-
cial structural adhesives now used in aerospace construction
and presumably suitable for FCS. The fracture energies (0Ic)
measured in opening mode (cleavage, mode-I) are presented in
Fig. El. Clearly, the commercially formulated adhesives
overcome the very low toughness of the base epoxy resins
from which they are derived.

A relatively simple elastomer-epoxy resin composition
was formulated that effectively modeled the fracture behavior
of the commercial adhesives. In this formulation the elastomer
is dispersed as 2-5p particles in the epoxy resin matrix.
This morphology gives high toughness with a minimum loss in
the tensile strength and modulus of the base epoxy resin.
This "model" structural adhesive along with selected commer-
cial adhesives were used in subsequent testing.

The effects of bond thickness on adhesive fracture were
determined using the model adhesive and the node-I (cleavage)
specimen illustrated in Fig. 32A. The results plotted
in Fig. 23 are characterized by a maximum in fracture
energy at about 20-30 mils (0.051-0.076 cm) bond thickness.
Note the following: (a) the tougnaes of the epoxy resin has
been increased 30-40X by the incorporation of the dispersed
olastomeric phase, (b) the steep decline in toughness as
the bond thickness is reduced below the maximum point, and
(c) in this region below the maximum joint, fracture in stable,

i.e., the crack is driven by the machine iustead of jumping
unstably ahead of the crossheads.

The bond thickness-adhesive -toughnmss relatiornhip of
the model adhesive undergoes a marked, systematic change with
temperature. The results shown in Fig. 14 ,indicate that
the maximum in toughness shifts.to higher, bond tidiknoesee
with increasing temperatire. This •data,.can be .used to show
the chaniein-,fraeture -energy with temperature at a fixed
bond thickness ý -For example, nat the 10 ail .(q.o!25•c0). thick
ness frequently recomsnded•,by adhesive suppliers -the plot in
Fig. 35 shows a strong 3ix-2ui at 25 0C (ambient).
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The stress conditions of mode-I testing simulate only
peel-type loading, yet many joints are designed to avoid
peeling loads as much as possible in favor of shear loads.
Therefore, It is important to characterize adhesive fracture
in combined tensile and shear loading. The test specimens
used for this purpose in this work are illustrated in
Figs. E2B and 92C. Results using the "scarf-Joint" specimen
with a bond angle (0) of 453 (Fig. E2B) are given in Table El.
The adhesive fracture toughness (&(I,ji)c45) of the commer-
cial and the model structural adhesives in this combined
stress condition were generally IOX less than the correspond-
ing mode-I toughness ('ixc). This was not the case for the
base epoxy resin for which the fracture energy was about
the same in both loading conditions.

Tests were conducted to determine the influence of
bond angle on adhesive fracture using both the scarf-Joint
and the dual-loaded specimens (Figs. E2B and 12C, respectively).
In the latter configuration, shear and tensile loads can
be imposed simultaneously and their ratio determines an
effective bond angle. The results using both specimens are
given in Figs. E6 and E7 and indicate a complex relationship
between bond angle and adhesive toughness.

The moisture sensitivity of resin/metal adhesive bonds
is well documented (Ref. E3). Procedures for testing the
stress-corrosion cracking of adhesive Joints have been
developed (Ref. E4) in which the specimen in Fig. 2A is
static loaded in water. A "threshold" critical stress-
corrosion fracture energy, 0lscc, is determined below which
there is essentially no crack growth.

Efforts to determine #Iscc in the work of this subtask
were largely unsuccessful due to experimental difficulties.
Although the results obtained at other laboratories are
undoubtedly valid, it became clear that there are fundamental
problems associated with the test. Accordingly, the work was
transferred to 6.1 funding (NAVAIR 022-06-001). In replace-
ment, time-to-failure tests were conducted on static loaded
alu•inum-epoxy resin butt-joint specimens. Dtae typical of
these tests obtained using an unmodified epoxy resin are
given in Fig. 38 and show the usual exponential decay in
survival time characteristic of metal/resin bonds.

Post-failure examination of the butt-joint fracture
surfaces revealed fracturearjk•inlfroi which the.critical
flaw size could be-estiiatod. This dimension combined with
the failure stress via used to compute6the critical fracture
energy, &0. In TabliZ2, vilues of 4c;aire listed forvari6us
loading- conditio3.andenvi-roiments. Note especially that
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the critical fracture energy, -- the criterion determining
bond reliability is characteristic of stress-corrosion fail-

ure, 6 lscc, even when the relative humidity was as low as
45 percent (ambient). Only when the bond was kept essentially
anhydrous by surrounding it with a dessicant or in dynamic,
rising-load testing was the failure criteria determined by
41c, the fracture toughness of the adhesive resin.

DISCUSSION

It is quite clear that the limiting factor in the reli-
ability of state-of-the-art adhesives is their moisture
resistance. In Fig. El, the stress-corrosion fracture
toughness of the aluminum adhesive bonds are 2X to lOX less
than the fracture toughness of the adhesives themselves;
and judging from the results in Table E2, bond failure
occurs by stress-corrosion even at ambient humidity. Only
under nearly anhydrous conditions or when a joint is subject
to a sudden increase in load does the "dry" toughness control
joint strength. Because of this moisture sensitivity,
structural adhesives are presently unsuited for use in
"marine environments and thus are not candidates for FCS
construction. Improveaents in bond SCC reliability are on
the horizon, notably new surface treatments for metals and
the combined use of adhesives with spot welding, i.e.,
weldbond. These technologies are still developmental and
even when developed, engineering and reliability experience
will be required before they can be considered for FCS.
Work on the SCC of adhesive bonds is continuing here with
emphasis on improving the test method for ##Iscc (NAVAIR
WR 022-06-001, NRL 61C02-21) and improved moisture resistant
adhesives (V/STOL-DLF, NAVAIR WP 54-593-202, MEL 61C04-10).

Establishing reliability criteria for bonding is further
complicated by the fact that an adhesive joint is in many
respects a structure; and unlike a monolithic material,

e.g., a steel plate, its fracture behavior has certain
geometric aspects such as bond thickness and bond angle.
One of the accomplishments in this subtask has been to
demonstrate the importance of these effects.

The dramatic effect of bond thickness on adhesive frac-
ture had not been realized prior to this work and has
important implications with respect to joint design. In
the results for cleavage toughness (0Ic) at ambient temper-
ature (Fig. Z3), the optimum thickness would not be at
the maximm but at the highest value of 'DIc that would also
assure stable crack propagation, i.e., - 0.025 cu
(0.010 in.). The data also indicate the importance of main-
taining close tolerances on bond thickness. The steep
decline in &Ic imposes a severe penalty on joint strength
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if the thickness is only a few ails under specification or
a joint subject to catastropic failure (unstable crack
propagation) if the thickness is over specification. Tem-
perature changes can have a large effect on joint toughness
as indicated in Figs. 14 and E5. The latter indicates a
severe temperature dependence typical of an adhesive for-
mulated to have high peel strength in a narrow temperature
range near ambient. Adhesiveý formulations have been
developed with high strength over wide temperature ranges
although usually at a sacrifice in toughness and/or process-
ability.

The most surprising result of this work is the effect
of stress-condition (bond angle) on adhesive fracture.
Simply stated, the high toughness of structural adhesives
in peel loading (i.e., #ic) is essentially lost at other
loading c~onditions. This does not mean that adhesive joints
are strongest in peel: Actually, there is a significant
increase in joint strenth as the bond angle is increased.
On the other hand, t e strength of structural adhesives

4 presently available could be increased by more than a factor
of two if the toughness they presently have in mode-I
fracture could be translated into other loading modes, i.e.,
scarf-joints, lap-shear joints, etc.

The effect of stress-condition on adhesive fracture
revealed in Table El and Fig. 17 indicates the need for a
major change in the test methodology for adhesive joint
reliability criteria. Heretofore, it had been assumed that
cleavage testing for adhesive #1c was sufficient sinc9
opening-mode (mode-I) is generally the lowest fracture
energy and therefore a sufficient criterion for desiga
purposes. Although this assumption ie usually true for
monolithic specimens, it is clearly noac the case for a
bonded joint which, as indicated above, must be viewed as
a structure and not as a nonolithic element. The error in
assuming that 'tIc Is a sufficient criterion for joint design
can be appreciated by considering the nylon-epoxy adhesive
and using the &I (Table El) as the failure criterion. Thepredicted strength of a scarf-joint (0 - 450) using this
adhesive would be about 3X the actual strength.

Based on the results of this study, complete fracture
characterization of a structural adhesive must include:
(a) #c determinations at bond angles from 0 (01 ) to 900
(I1c - pure shear), (b) the effect of bond thiggess to
establish the thickness for maximum & and its rate of
change around the maximum point, and Jc) the effect of
temperature on the bond angle and- thickness'dependencies.
These requirements represent a rather formidable-testing
program for a given adhesive especially if SCC testing
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is required in addition. In order to simplify the effort,
there is a need to establish analytical relationships between
fracture toughness and joint geometry.

Part of the work of this subtask was devoted to iden-
tifying the micromechantcs of adhesive failure. The details
of the work are reported elsewhere (Ref. 14-M8), but the
general conclusions have a bearing on the analytical rela-
tionships needed to simplify adhesive fracture testing.
Essentially, the micromechanics studies demonstrated the
importance of the crack-tip deformation zone in determining
adhesive fracture behavior. The diameter of the zone,
indicated by 2 ry in Fig. E9, is related to the fracture
toughness, At, yield strength, cy, and yield strain, ey
of the adhesive resin by

"c - , y yy r.E

where Z is a constant determined by the stress condition on
the joint. The significance of equation I is that for a
wide range of resins used as structural adhesives the yield
properties, oy and ev, are not greatly different; and so the
zone size, ry, is thi principal factor in determining resin
toughness. Indeed, when an adhesive formulator toughens a
basic epoxy resin by the addition of elastomers or other
agents, it is the rv parameter being affected. Furthermore,
the effect of bond thickness and possibly bond angle on
adhesiv6 1 o can be understood in terms of the crack-tip
deformation zone. For example, the maximum in Oc (in both
mode-I (Fig. 33) and combined mode fracture occurs when
the zone diameter, fry, and the bond thickness are about
equal and that the decline in toughness to either side of
the maximum can be attributed to changes in the restraint
on resin deformation at the crack tip by the stiff metal
adherends. The possibility exists thAt none quantitative
relationship exists between bond thickness r and adhesive
to which if developed would permit calculatign of the Jo-S~bond thickness dependence.

The effects of stress-condition (bond angle) on adhe-
sive failure micromechanics are more complex than the bond
thickness effects. Indeed, the results of the study here
have raised some fundamental questions about tho crack-tip
stress field under combined stress 2oatng and the response
of the formulatod resins tG these stress f9elds, Work on
this problem is continuing, under 6.1 funding (NRL Problem
6IC02-21), but it is cleoar that th. development of analyt-
ical relationships between bend angle and adhesive fracture
toughness are very-distant.
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TABLE El. CLEAVAGE-MODE VS. MIXED-NODE ADHESIVE FRACTURE
TOUGHNESS

Fracture Energy (Ji.T2 )
Cleavage Cleavage + Shear

Adhesive Resin atc (111)c 45°

Unaodified Epoxya 116 140

10% CTBN 3500 110
30% CTBN 2200 110

Commercial
Elactomer-Epoxy 2300 870
Nylon-Epoxy 6100 750
ME 3290 630 55
AP 2 4 3 d 860 220

2 a Hexahydrophthalic anhydride - DGEB

b Piperidire - DGEB&

c Naruco Materials, Inc.

d 3M co.
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Fig. E2(a) - Tapered double cantilever beam specimens
used for opening-mode, adhesive fracture
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F. Technology Transfer

Throughout the DLF program a significani effort was
made to make use of existing SI technology and of the tech-
nology developed in the program to Impact existing hardware
development programs and to acquaint Navy designers and
engineers with SI technology. These efforts were primarily
directed at the NATO Patrol HydrofoUl Missile (PRM) program,
specifically at the strut and foil struc.ture of this craft.
Other activities by NRL personnel to advance the use of 5I
technology include many consulting activities, courses beld
at the Naval Ship Engineering Center, publication of a
standard method of test for stross-corrosion cracking of
metals (1), and participation on ASTM committees to accom-
plish the same standard at that level.

The major return on investment in the DLF program was
the benefits which accrued to the PER NATO Hydrofoil Program.
Early in the program, problem areas concerned with cracking
processes due to combined loading and environmental effects
in the 17-4 PH strut/foil syatem were identified. The PHU
office and The Boeing Company were informed of the results
of the investigation, with the result that NEL and Boeing
cooperated to find the cptimum way to utilize 17-4 PH steel
for the strut/foil. In the eavlier part of the program, the
potential problems were of the type that require a great
deal of maintenance and repair, rather than being short-
term catastrophic fracture problems. In later developments,
a heat-treatment schedule which results in brittle weld
metal was suggested for the struts and foils.

The DLF program concentrated on 17-4 NH steel at a
strength level of 1034 UP& (150 ksi), which has demonstrated
a susceptibility to cracking in a similar application on the
prototype hydrofoil TUCUXCARI. The initial selection of
17-4 PH steel for the PM( tn preference to HY-130 and other
steels was made primarily om the basis of some experience
with 17-4 PH and other contending materials for which
extensive data pertainizg to crack growth and fracture were
not available. To cornot this deticiency, a program was
initiated to assemblo tad analyze the data required to define
the crack tolerance of 17-4 PH steel in the seawater environ-
menit.
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The SCC-RAD, Fig. 1, was used to analyze the potential
for catastrophic fracture and for crack growth by seawater;
stress-corrosion cracking and additional studies of fatigue
and corrosion fatigue and electrochemical coupling with
other materials were also made. Data zones defining the
fast fracture, SCC, and electrochemical coupling properties
of vacuum-melted 17-4 PH steel are presented on the HAD in
Fig. 1. The data include NRL test results and data from
Boeing Company reports. The NRL test materials were heat
treated over a range of temperatures which include the
condition originally planned for use on the PH1 project
(H-1050 temper).

Fast fracture is not expected to be a problem for
vacuum-melted 17-4 PH steel in the H-1030 temper; however,
the air-melted materials have unacceptably low fracture
properties. The SCC properties of 17-4 PH steel are very
liw, which ts an indication that crack growth can be expected
at reasonable operating loads. An even more severe problem
is electrochemical coupling of the strut/foil assembly with
the aluminum hull or with other metals. Such coupling
results in accelerated flaw growth at lower KI values, as
shown by the coupling zone on the RAD; this translates to
a lower expected load requirement to cause crack growth.

A more important item which grew out of the DLF efforts
in the 17-4 problem area was that steps axe being taken to
assure that the same problems are not repeated in similar
structures. One approach was to design a strut/foil system
for the P1M with HY-130 steel, in which the contractor was
required to formulate a plan to prevent or control crack
growth and fracture. This plan, called the Hydrofoil
Structural Integrity Program (HSIP), was the first such
required for Navy structures. Under the DLF project, NRL
personnel served on the Navy review board and on Navy/
contractor teams to implement the HSIP for the PH1 strut/
foil system. While the HY-ISO strut/foil system was not
built, the design was the first to incorporate formal SI
plans and served as a valuable learning exercise for both
Navy and contractor personnel. Future fast craft and ships
will require similar treatment, so that an obvious need is
standard documents, spelling out how and where 51 technology
should be applied; NMM personnel are presently participating
in efforts to accomplish the standardization of SI documents.

Of more significance In the experience of follov-on
MPI ship design, which is currently ongoing. As a result

of studies and interactions with Boeing and the IEM projeot
office, the heat-treat schedule for the 17-4 PH struts and
foils for the follow-on production ships was changed to the
HllO0 temper. In the design of now struts and foils, base
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metal and weld metal specifications included a minimum DT
energy of 2712 Nm (2000 ft-lbs) (standard 1-in. DT) or 339 Nm
(250 ft-lbs) (standard 5/8-in. DT) and a yield strength in
the range of 896-1034 UPa (130-150 ksi). Additional require-
ments placed on the weld metal qualification program was
that each candidate weld metal be capable of withstanding an
applied stress-intensity of 110 VPafm (100 ksi/in. in a salt
water environment for a period of 500 hrs., i.e., Klscc k
110 MPaII (100 ks/Tin.). These requirements were imposed to
assure damage tolerance from one-time impact type loading
and to enable maintenance and inspection intervals to be
established on the basis of expected flaw growth resistance.
These requirements for the use of SI technology were engen-
dered by the participation of NRL personnel on the design
review boards for struts and foils and an awareness of the
potential problems identified in the nourse of the DLF
program.

Another approach to technology transfer was a series
of informal seminars conducted at the Naval Ship Engineering
Center for the personnel involved with materials and struct-
ures. The course which was entitled, "Principles for
Fracture-Safe Design of Naval Structures," consisted of 13
1-hr. seminars, 11 of which were presented by NUL speakers
under the DLF program. The information ranged from
theoretical fracture mechanics concepts to applications of
technology for defining fracture, fatigue, and environmen-
tally assisted crack growth in high-performance ship and
submarine structures. In this format, the background
technology and the information generated under the DLF task
were disseminated to the primary users in the quickest and
most efficient way possible. Appendix B contains an outline
of the subject matter presented.

Standardization of test methods is an essential part

of implementation of SI technology. Its main objective
is to ensure uniformity of test results whether the test
is being performed by laboratories, materials' producers,

or builders, and for SI technology, the issue is the most
crucial. Propertiss of metals that pertain to crack growth
and fracture often are determined by processing or chemistry
variables that are difficult to control in standard mill
products; more important is the necessity to specify minimum
property requirements and to conduct small scale tests for
quality control.

Problem in determining materials' properties are the
frequent dependence of the test result on the test piece
dimensions and on the test procedure used, and the use of
inappropriate test methods for -deffnlng the property in
question. One contribution to the technology was the
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drafting of a standard test method for determining the
parameter, KIse , by cantilever-bend test methods, The
standard was puglished as NRL Report 7865 (1) and has
already been specified in the PHM project for qualification
of weld procedures to be used in 17-4 PH and 15-5 PH on the
production ships. Additional efforts are currently underway
in the ASTM Committee on Fracture (E-24) to standardize the
procedure using several methods; the NRL report is serving
as the baseline document in a round-robin program to evaluate
the cantilever-bend test method.

The results of the work on adhesive bond and graphite-
resin composites have been widely disseminated within the
Navy, the other armed services, industry including aerospace
and resin manufacturers, and the academic community. A list
of publications and presentations is attached. Notable
among the presentations is the NAVAIR-NRL Tutorial on Fracture
Behavior of Structural Adhesive Bonds which was organized to
acquaint Air Force, Army and NASA personnel on the fracture
mechanics of structural adhesive joint design. Subsequent
to this meeting the Air Force initiated a program on advanced
design airframe structures using adhesives and composite
materials. The program includes the use of fracture design
criteria for adhesive joints and because of the DLF program
results the Air Force is specifically addressing the problems
of bond thickness effect and mixed-mode loading. The DLF
work on adhesive fracture has had impact on adhesive testing
by the Army, the 3M Company and the Locktite Corporation and
on the adhesive fracture design program of NASA.

The fundamental significance of the adhesive fracture
work has been brought before the scientific community
through publications in refereed journals and presentations
at scientific meetings and at universities. Strong interesthas been expressed by reseprchers working on related problems
of polymer fracture at the University of Utah, University of
Pittsburgh, Lehigh University and the British Ministry of
Defense. Similar interest in adhesive bond fracture mech-
anics has been expressed by workers at Auburn University,
MIT, University of Illinois nnd the University of Delaware.
In addition, the results of the adhesive studies now
constitute a major segment of a continuing engineering
course on adhesion taughs at George Washington University by

* NRL personnel,

Finally, it should be noted that many og the techniques
Sconcepts developed under the DL? program on adhesives

and composites have been carried into a new program at NRL
on high temperature resins for V/STOL aircraft.
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APPENDIX
PRINCIPLES FOR FRACTIJRE-SAFE DES IGN OF NAVAL STRUCTURES

Outline of Shaort Course - NAVSHIPENGCEN
SESSURN

NO.

1. Introd,!ction to Fracýture-Safe Design Problems-
Linear Elastic Fracture Mechanics

Concepts of classical linear elastic fracture
mechanics and mechanical constraint will bej
presented in simplified graphical form; laboratory
test speciatens and procedures will be described.

Reffkrence: ASTM STP 381, 410

2. Dafinition of Pr~nc.Lpal Engineering FractLure Test
Methods and Signi.1icance of Each

An overview is presented of the general design
feature3 of princ~pal engineering fracture toughness
te:!ts including the Charpy V-uktch (Cv), Robertson
",romk Arrest, Drop-'Weight (MW)l Dynamic Tear (DT)

vu ~.Terl fthese tests in interpro';ingI
%;h bitte-uct~etransition rill be described,,
courte efintio ofspecific fracture states

W~il bemadeforthedifferert test methods,

Aefeence NRLReports 6957, 6975

3. Factue CotrolProcedures for o n aemdar
StregthStesz -Fracture Aayi iga

Procedures for fracture control within Plane strair,
elastle±'-plastic anzi plastic fza('ture states will be
discussed, and tLeir applic~:,ý.! to solution of
engineering prroblems will be prementaq 1ccr! steele
featuring tesperatura irans itioa beiivior.

Ref eve'nc: NUL Reports 6957, 5990

4. Role of Meohan-Ic~l Oonstraint With Respect to
Fracture-Safe Ansuxance

Thieknec,-induced mechanical ccustraint expands the
tempme~ture regime that deflies brittle ".havior
and shifts tb-* Lvittb3-ductile trans3ition to higher

tesperatured Arthin irell-defined linita. C~narinonn
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ofK, and DT energy toughueas trends will be made,
and Usf significaiice of stat~stAcal variations in

5. Metallurgical Aspects of Fracture for Low and
Intermediate Strength Steels

hetallurgical factors such as chemical composition
and heat treatment Influence significantly the
fracture resistance characteristics of temperature
transition steels. These effects will be discusse3d
as they relate to critical aspects of temperature
transition features for selected steels.

Reference: NRL Reports 6975, 6900
6. RAD Prozedures for Fracture-Safe Design With High

and Ultrahigh Strength Steels

The fracture mechanics concepts far defining the
three fracture states (linear elastic, elastic-
plastic, Plastic) will be presented. Application
of HAD prcdrst the trade-offs betwcan

I Reference: NRL Report 7406
7. * RD Procedures for Fracturo-Safe Design With

Non-Ferrous Materials

Fracture mechanics concepta developed in prior
lectures will be applied to high-strength titanium
tnnd aluninum alloy systems.

Roferencaa NFL Report 7281

8.* Effects of Stress-Corrosion Crackcing on Structural
integrity

Procedures based on linear elastic fracture mechanics
concepts for entablishivg the stmess-corrceion-
cracking resistaice (Kieco) of structural metals
will be described. R&D proceduros for Interpretation
of the KIC test results fqr stresc-corrosion
cracking w 1l be presented,

Refereno.* NRL Eepart 7371
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9. Basic Aspects of Fatigue Crack Propagation

Basic laws governing fatigue crack growth in terms
of linear elastiz fracture mechanics parameters
will be presented.

Reference: NRL Report 7422

10. Application of Fatigue Crack Growth Technology to
Design of Naval Structures

A presentation of Navy fatigue problems and design
of structures for finite life cycles based on crack
growth laws will be made.

11. NAVSHIPENGCkN Structures Department Presentation

12. NAVSHIPENGCEN Structures Department Presentation

13. Application of Code Requirements to Fracture-Sale
Assurance

ASTM, ABS, MIL Specitications and ASME Boiler and
Pressure Vessel Code will be reviewed. 3mphasis
will be placed on the ability of codes to define
a fixed level of toughness. The question of
sufficient toughness versus structural performance
requirements will be considered.

Reference: NRL Report 7406, WRC Bulletin 186

14. Review of Course
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